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Thermal and Photochemical I s o m e r i z a t i o n of Heptafluorocyclohexadienes 
In t h i s work the s t a r t i n g m a t e r i a l s , namely the h e p t a f l u o r o c y c l o -
hexadienes, were prepared by the d e h y d r o f l u o r i n a t i o n of nonafluoro-
cyclohexanes p a r t i a l l y separated from the products of the f l u o r i n a t i o n 
of benzene using a c o b a l t f l u o r i d e f l u i d bed system. 
I n i t i a l p y r o l y s i s of the isomers of heptafluorocyclohexadienes 
i n d i c a t e d they were capable of i n t e r c o n v e r s i o n and under more con-
t r o l l e d c o n d i t i o n s , using flow vacuum p y r o l y s i s , the i n t e r c o n v e r s i o n 
was q u a n t i f i e d . That the mechanism for these thermal i s o m e r i z a t i o n s 
involved c a t a l y s i s by f l u o r i d e ion at a s u r f a c e was discounted on 
the grounds that: vacuum p y r o l y s i s of lH-heptafluorocyclohexa-1,3-
diene i n the presence of sodium f l u o r i d e p e l l e t s gave a p a t t e r n of 
products which was both q u a l i t a t i v e l y and q u a n t i t a t i v e l y d i f f e r e n t 
to a s i m i l a r p y r o l y s i s i n the presence of s i l i c a wool, whereas 
p y r o l y s i s of the same diene i n a l a r g e bulb at a low p r e s s u r e gave 
a s i m i l a r p a t t e r n of products to that obtained from the r m o l y s i s i n 
the presence of s i l i c a wool. 
P h o t o l y s i s of lH-heptafluorocyclohexa-1,3,-diene gave the 
expected 2,3,4,5,5,6,6-heptafluorobicyclo [2,2 , o ] hex-2-ene q u a n t i t a t -
o 
i v e l y . The r e v e r s e thermal r e a c t i o n occurred at 350 C. 
ACKNOWLEDGEMENTS 
I would l i k e to thank Dr. W.J. F e a s t f o r h i s encouragement and 
u n f a i l i n g support throughout the s u p e r v i s i o n of t h i s work and 
Pr o f e s s o r W.K.R. Musgrave f o r h i s i n i t i a l help and encouragement. 
I am indebted to a l l the t e c h n i c a l and la b o r a t o r y s t a f f f o r 
t h e i r c o n s t r u c t i v e advice and a s s i s t a n c e e s p e c i a l l y Mr. D. Hunter 
and Mr. R. Hart. 
i v 
MEMORANDUM 
The work of t h i s t h e s i s was c a r r i e d out i n the Chemistry 
L a b o r a t o r i e s of the U n i v e r s i t y of Durham between A p r i l 1973, 
and March 1977, on a part-time b a s i s . T h i s work has not been sub-
mitted f o r any other degree and i s the o r i g i n a l work of the author 
except where acknowledged by r e f e r e n c e . 
CONTENTS 
Page 
Summary i i 
Acknowledgements i i i 
Memorandum i v 
PART I GENERAL BACKGROUND AND SYNTHESIS OF STARTING 
MATERIALS 
I 1 ( a ) I n t r o d u c t i o n 1 
I 1 ( b ) Comparison of F l u o r i n e Compounds w i t h 
t h e i r Hydrocarbon Analogues 1 
I 2 ( a ) Review of S y n t h e t i c Methods f o r the 
Pre p a r a t i o n of F l u o r i n a t e d Cyclohexa-
dienes 6 




3( a ) Source and Separation of the Fluorocarbon 
Mixture 16 
3(b) D e h y d r o f l u o r i n a t i o n of the Fluorohydrocarbon 
Mixture 16 
3 ( c ) Separation of the Dehydrofluorinated Mixture 18 
PART I I THE THERMAL AND PHOTOCHEMICAL ISOMERIZATIONS 
OF HEPTAFLUOROCYCLOHEXADIENES 
I I 1 I n t r o d u c t i o n 22 
I I 2 The Conservation of O r b i t a l Symmetry 22 
I I 2 ( a ) The Nomenclature and G e n e r a l i z e d Rules 
f o r Sigmatropic Migration 23 
I I 2 ( b ) The Nomenclature and G e n e r a l i z e d Rules 
f o r E l e c t r o c y c l i c Ring C l o s u r e and 
Opening 28 
I I 3 The Dewar-Zimmerman Approach 33 
3 ( a ) Nomenclature and G e n e r a l i z e d Rules f o r 
the Dewar-Zimmerman Approach 33 
I I 4 L i m i t a t i o n s 37 
I I 5 I l l u s t r a t i v e Examples of Sigmatropic 
Migrations and t h e i r R a t i o n a l i z a t i o n 39 
1 1 6 I l l u s t r a t i v e Examples of E l e c t r o c y c l i c 
Ring Opening and C l o s u r e 42 
Page 
11 7 Previously, reported l s o m e r i z a t i o n s of F l u o r o -
i n a t e d Systems 
I I 8 The Thermal I s o m e r i z a t i o n of Heptafluorocyclo-
hexadienes 
I I 9 The Photochemical Isomeriza t.Lon of 1H-Heptafluoro 
cyclohexa-1,3-dienes 
EXPERIMENTAL 
I I 1 0(a) F l a s h Vacuum P y r o l y s i s of lH-heptafluoro-
cyclohexa-1,3- and 1,4-diene and 2H-hepta-
fluorocyclohexa-1,3-diene 76 
I I 10(b) F l a s h Vacuum P y r o l y s i s of l H - h e p t a f l u o r o c y c l o -
hexa-1 , 3-diene over Sodium F l u o r i d e P e l l e t s 77 
I I 1 0 ( c ) Extended P y r o l y s i s of lH-hep t a f l u o r o c y c l o h e x a -
1,3-diene a t Low Pr e s s u r e 77 
I I 10(d) Other P y r o l y s i s Experiments 79 
I I 11 I r r a d i a t i o n s 81 
APPENDIX A Apparatus and Instruments 82 
APPENDIX B Mass Sp e c t r a 84 






General Background and S y n t h e s i s of S t a r t i n g M a t e r i a l s 
1. 1 ( a ) I n t r o d u c t i o n 
The f i r s t major study of fluorocarbons began at the end of the 
n i n o L u e n L h century and owes much Lo Sw a r l s , a Bel g i a n Chemist, who 
was the major worker i n t h i s f i e l d . Fluorocarbon chemistry r e c e i v e d 
i t s next s i g n i f i c a n t s t imulus i n 1930 when Midgely and Henne d i s c o v e r e d 
a commercial o u t l e t f o r the chlorofluoromethanes and ethanes as 
r e f r i d g e r a n t s . The major step forward was made over the period 1939 -
1946 when i t was recognised that compounds such as CFA , C F , C F 
2, 6 4 10 
were thermally s t a b l e and che m i c a l l y i n e r t , p a r t i c u l a r l y towards 
r e a c t i o n s with UF . Int e n s e work i n developing s u i t a b l e f l u o r i n a t e d o 
235 238 l u b r i c a n t s , s e a l a n t s and coat i n g s f o r use on the UF / UF„ d i f f u s i o n o 6 
se p a r a t i o n p l a n t s r e s u l t e d in a rapid expansion of f l u o r i n e chemistry. 
A f t e r the second World War the study of f l u o r i n e chemistry expanded 
and developed; i n t e n s e a c t i v i t y i n s y n t h e s i s of f u n c t i o n a l i z e d 
fluorocarbons was followed by a study of the p r o p e r t i e s and a p p l i c a t i o n s 
of the new compounds which had become a v a i l a b l e . T h i s a c t i v i t y continues 
to the present i n i n d u s t r i a l and academic l a b o r a t o r i e s on a world-
wide b a s i s , 
I . K b ) Comparison of F l u o r i n e Compounds wi t h t h e i r Hydrocarbon 
Analogues 
Organofluoro compounds are u s u a l l y prepared from t h e i r hydro-
carbon c o u n t e r p a r t s by s u b s t i t u t i n g some or a l l of the hydrogen atoms 
with f l u o r i n e , very few occur n a t u r a l l y . Highly f l u o r i n a t e d compounds 
are often much more thermally s t a b l e than t h e i r hydrocarbon analogues, 
j u s t as easy to handle but t h e i r p h y s i o l o g i c a l e f f e c t s are not so w e l l 
1 19 
understood. S i n c e both H and F have a n u c l e a r s p i n quantum number 
of \, n.m.r. techniques can be ap p l i e d . However, as a r e s u l t of s i g -
n i f i c a n t long range F-F and H-F s p i n - s p i n i n t e r a c t i o n s the spectrum 
of an organofluoro compound i s often complex and consequently may be 
- 2 -
d i f f i c u l t to i n t e r p r e t i n d e t a i l , although the l a r g e chemical s h i f t s 
observed can sometimes s i m p l i f y the problem. 
A Comparison of the R e a c t i v i t y of Hydro- and Fluorocarbon Compounds 
The e l e c t r o n e g a t i v i t y of f l u o r i n e and hydrogen a re 4.0 and 2.1 
r e s p e c t i v e l y on the Pauling S c a l e , hence the e l e c t r o n i c environment 
i n organofluorocarbon compounds i s very d i f f e r e n t to that of the 
corresponding hydrocarbon ones. T h i s i s i l l u s t r a t e d very c l e a r l y 
when one compares the type of reagent which a t t a c k s both unsaturated 
and aromatic hydrocarbon and fluorocarbon compounds. T y p i c a l r e a c t i o n s 
are summarized i n F i g u r e 1. 
\© + E l e c t r o p h i l e E C — C 
H o o + E l e c t r o p h i l e E —> + H 
F 
\s / 
C — C F + Nucleophile N \ / 
F N 
N 
o o + Nucleophile N 
Figure 1 
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The hydrocarbon analogue i s s u s c e p t i b l e to a t t a c k by e l e c t r o p h i l i c 
reagents l e a d i n g to an intermediate carbonium ion, whereas an 
organofluoro compound i s s u s c e p t i b l e to n u c l e o p h i l e s and y i e l d s 
carbanion i n t e r m e d i a t e s . The e l e c t r o n i c e f f e c t s of f l u o r i n e pro-
vide us with a dichotomy of behaviour. Being a h i g h l y e l e c t r o n e g -
a t i v e atom f l u o r i n e e x t e n s i v e l y p o l a r i s e s any carbon f l u o r i n e bond, 
t h i s phenomenon being r e f e r r e d to as the sigma i n d u c t i v e e f f e c t ( - I ^ ) . 
Thus, where a s i n g l e f l u o r i n e i s attached to a carbon framework a 
d r i f t of e l e c t r o n d e n s i t y towards f l u o r i n e , through the cr" bond frame-
work i s p r e d i c t e d , and t h i s i s expected to p o l a r i z e 7 f e l e c t r o n s a s s o c i -
ated w i t h the carbon framework. The e f f e c t i s i l l u s t r a t e d below i n 
F i g u r e 2. 
c — ) — f <f+C_^_C 
Saturated System Unsaturated System 
Fi g u r e 2 
However, there i s a f u r t h e r f a c t o r to c o n s i d e r i n r e l a t i o n to the 
e f f e c t of f l u o r i n e attached to an unsaturated system i n t h a t there 
are e l e c t r o n s i n the p-atomic o r b i t a l s on f l u o r i n e w i t h the approp-
r i a t e symmetry and p o s i t i o n i n space to i n t e r a c t w i t h the molecular 
o r b i t a l s on the carbon framework ( i . e . , a mesomeric e f f e c t ) . However 
a strong i n t e r a c t i o n r e q u i r e s t h a t not only must the symmetry and 
s p a t i a l match be good but a l s o the e n e r g i e s , t h i s l a t t e r requirement 
i s not f u l f i l l e d i n t h i s case s i n c e the e l e c t r o n s on f l u o r i n e a r e 
much more t i g h t l y bound than the T f e l e c t r o n s on the carbon framework. 
_ 4 -
N e v e r t h e l e s s , s i n c e the p-atomic o r b i t a l s on f l u o r i n e and the 
molecular o r b i t a l s on the carbon framework occupy the same element 
of space, there i s a r e p u l s i v e i n t e r a c t i o n r e s u l t i n g i n a p o l a r i s a t i o n 
i n the opposite d i r e c t i o n to that p r e d i c t e d by the - 1 ^ , known as the 
TTin d u c t i v e e f f e c t ( + 1 ^ ) , as i l l u s t r a t e d i n F i g u r e 3. In p r a c t i c e 
t h i s means that the presence of f l u o r i n e i n a compound tends to 
d e s t a b i l i z e carbonium ions by the - 1 ^ e f f e c t but s t a b i l i z e them by 
the + !_,, e f f e c t . The converse w i l l be tr u e f o r carbanions and both 
0 
F i g u r e 3 
e f f e c t s are shown i n F i g u r e 4. 
c c 
D e s t a b i l i z a t i o n by - I S t a b i l i z a t i o n by -1^. 
C F 
D e s t a b i l i z a t i o n by +1 S t a b i l i z a t i o n by +1 
Fig u r e 4 
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The experimental evidence i n d i c a t e s that where the f l u o r i n e i s d i r -
e c t l y attached to the charged c e n t r e the +1^ e f f e c t i s more predominant 
than that of the - I _ e f f e c t ! 
Nomenclature 
In the naming of h i g h l y f l u o r i n a t e d compounds e s s e n t i a l l y two 
systems are used. In the f i r s t , the number of f l u o r i n e atoms i s 
shown i n the name and the postions are i n d i c a t e d by numerals or 
Greek l e t t e r s , thus f o r example:-
CF^OOH T r i f l u o r o e t h a n o i c a c i d 
CM OH I 
(CF ) 2.2.3,3 - t e t r a f l u o r o b u t a n - 1,4-diol 
! 
CH OH 
When the number of hydrogen atoms i n a molecule i s four or l e s s and 
the hydrogen to halogen r a t i o i s equal to or l e s s than 1:3, then the 
p o s i t i o n of the hydrogen atom i s i n d i c a t e d thus, f o r example:-
H 
1H - heptafluorocyclohexa-1,3-diene 




1H.4H/2H - nonafluorocyclohexane 
In the second system the p r e f i x 'perfluoro' i s used before the 
name of the corresponding hydrocarbon analogue, f o r example:-
O perfluorobenzene perfluorocyclopentene 
Another system has been proposed which r e v i s e s the nomenclature 
f o r h i g h l y f l u o r i n a t e d organic compounds and which has been adopted 
by the American Chemical S o c i e t y . The new system r e p l a c e s ' p e r f l u o r o 1 
with 'F', and r e p l a c e s 'H' with 'hydryl', a c o l l e c t i v e p r e f i x which 
can be a p p l i e d i n conjunction with'F' to f u n c t i o n a l compounds. For 
example:-
C F 3 C F 2 C F 2 C F 2 C F 2 C F = C F 2 F-l-Heptene 
o F-Benzene F-Cyclopentene 
1- Hydryl-F- c y c l o h e x a r l , 3 - d i e n e 
I . 2(a)Review of S y n t h e t i c Methods f o r the Pr e p a r a t i o n of F l u o r i n a t e d 
Cyclohexadienes 
The basic m a t e r i a l f o r the production of the compounds i s benzene. 
F l u o r i n a t i o n i s e f f e c t e d by p a s s i n g i t s vapour over an a g i t a t e d bed 
of c o b a l t t r i f l u o r i d e at temperatures i n the region of 100-200°C and 
c o l l e c t i n g the r e s u l t i n g complex mixture i n a cooled t r a p , see F i g u r e 5. 
- 7 -
o CoF„ 100-200 C C_F H mixture 6 1^-x x 
Figur e 5 
From t h i s mixture the twenty-two components l i s t e d below have been 
3 
separated and i d e n t i f i e d . 
Products of the C o b a l t i c F l u o r i d e F l u o r i n a t i o n of Benzene 
H 
H 






VI I 1H/4H 





X I I 1H.2H.4H/-





f i r F F H H H H I I 
F 
H H H H H 
H H 
XVII X V I I I XIX XX XXI 
0 < 
XXII 
The composition of the mixture depends upon c o n d i t i o n s , but g e n e r a l l y 
the products which are present i n the g r e a t e s t amounts are: TT,V,VII, 
V l l i .TX.'X.XT.Xm ,XvT, w h i l s t , TV, VT, XTT, and (XV I I - X X I I ) were 
present i n only small amounts. 
For s e p a r a t i o n d i e t h y l e t h e r and benzene are added to the mixture 
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which i s then f r a c t i o n a l l y d i s t i l l e d , many f r a c t i o n s being obtained as 
azeotropes: i n the absence of added s o l v e n t s the f r a c t i o n a l d i s t i l l a t i o n 
i s d i f f i c u l t s i n c e the fluorohydrocyclohexanes have s m a l l l i q u i d ranges 
and f r e q u e n t l y s o l i d i f y to t r a n s p a r e n t g l a s s e s . The f r a c t i o n s obtained 
are l i s t e d i n Table 1, below: 
F r a c t i o n b.p.°C Comnosition 
1 27 C 6 F 1 2 / ' E t 2 0 a z e o t r ° P e 
2 34 E t 2 0 
3 60-61 C o F ^ H / c ^ H ^ azeotrope 6 11 o o 
4 approx. 
67 cr 1 
F / C H o azeotrope 
5 73 
F / F / CLH. azeotrope 
Table 1 
The higher b o i l i n g m a t e r i a l s a r e not e a s i l y obtained a s pure com-
pounds or simple mixtures by f r a c t i o n a l d i s t i l l a t i o n ; however, the 
next f r a c t i o n (Number 6 b o i l i n g range 80-90°C) i s r i c h i n 1H,2H,4H -
4*5 6 
nonafluorocyclohexanes 1 ' . 
T h i s fluorohydrocarbon mixture i s i s o l a t e d from i t s s o l u t i o n i n benz-
ene by sulphonating the benzene, using a mixture of concentrated s u l p h u r i c 
a c i d and oleum, the fluorocarbon being i m m i s c i b l e with the r e s u l t i n g 
- 10 -
s u l p h u r i c , benzene sulphonic a c i d mixture. A f t e r s e p a r a t i o n the f l u o r o -
hydrocarbon mixture i s w e l l washed with water. 
D e h y d r o f l u o r i n a t i o n of Polyfluorocyclohexanes 
The major f a c t o r s which appear to determine the products, r a t e s 
and s t e r e o c h e m i s t r y of d e h y d r o f l u o r i n a t i o n r e a c t i o n s of fluorohydro-
4 
cyclohexanes are summarized below: 
( i ) The r e l a t i v e a c i d i t i e s of the hydrogens i s the f i r s t f a c t o r 
determining the ease with which they w i l l be removed by the 
. base. The r e l a t i v e a c i d i t i e s are i n d i c a t e d below as a func-
t i o n of t h e i r environment. 
H H H 
> > CHF CHF CF CHF CF CF 
F F 
( i i ) D e h y d r o f l u o r i n a t i o n by a t r a n s - c o p l a n a r process occurs 
where t h i s i s p o s s i b l e ; thus cyclohexanes which can e a s i l y 
assume a conformation having H and F i n a t r a n s - d i a x i a l d i s -
p o s i t i o n w i l l be r e a d i l y d e h y d r o f l u o r i n a t e d compared w i t h 
e l e c t r o n i c a l l y e q u i v a l e n t c a s e s where t h i s i s not p o s s i b l e . 
Thus the c h a i r forms of 1H,2H/-decafluorocyclohexane 
H 




F igure 6 
- l i -
as i l l u s t r a t e d i n Figure 6, having H and F i n a t r a n s - d i a x i a l 
arrangement d e h y d r o f l u o r i n a t e much more e a s i l y than the c h a i r 
forms of 1H/2H - decafluorocyclohexane, which do not c o n t a i n 
H and F i n a t r a n s - d i a x i a l d i s p o s t i o n as shown i n F i g u r e 7. 
® 
® 
F i g u r e 7 
( i i i ) I n the e l i m i n a t i o n process, l o s s of f l u o r i d e ion from a 
difluoromethylene group (-CFg-) appears to be more d i f f i c u l t 
than from a fluoromethylene group (-CHF-) r e f l e c t i n g the i n -
cre a s e d s t a b i l i t y of f l u o r i n e i n the former s i t u a t i o n . 
( i v ) C i s - e l i m i n a t i o n s do proceed and may be f a s t e r than p o s s i b l e 
t r a n s - e l i m i n a t i o n s i n e l e c t r o n i c a l l y favourable c a s e s , t h a t 
i s , where the proton of the e l i m i n a t e d hydrogen f l u o r i d e i s 
s u f f i c i e n t l y a c i d i c . In the l i g h t of p o i n t s ( i ) to ( i v ) i t 
i s p o s s i b l e to r a t i o n a l i s e the products formed by the 
d e h y d r o f l u o r i n a t i o n of deca- and nonafluorocyclohexanes as 
l i s t e d i n Table I I . 
Decafluoro 
cyclohexanes 
Monoene Dienes References 
1,3 1,4 
V H 













































< < > > > CO 
Table I I cont. 
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I . 2(b) P r e p a r a t i o n of 1H- and 2H- Heptafluorocyclohexa -1,3-diene 
and 1H- Heptafluorocyclohexa -1,4-diene 
From the preceeding s e c t i o n i t i s c l e a r that two p o s s i b l e approaches 
e x i s t f o r the production of these isomers. One approach would i n v o l v e 
s e p a r a t i o n of the crude mixture of nonafluorocyclohexanes by p r e p a r a t i v e 
g . l . c . to produce a more r e f i n e d mixture c o n t a i n i n g only the nonafluoro-
cyclohexane isomers. These, on c o n t r o l l e d d e h y d r o f l u o r i n a t i o n should 
y i e l d a mixture of the isomers separable by p r e p a r a t i v e g . l . c . A l t e r n a -
t i v e l y d e h y d r o f l u o r i n a t i o n of the crude mixture of d i - and t r i h y d r o p o l y -
fluorocyclohexane from f r a c t i o n 6 under c o n t r o l l e d c o n d i t i o n s followed 
by s e p a r a t i o n u s i n g p r e p a r a t i v e g . l . c . techniques, would a l s o g i v e the 
monohydroheptafluorocyclohexadienes. 
The f i r s t method was attempted and met with only minimal s u c c e s s , 
t h i s being p r i m a r i l y due to the f a c t t h a t nonafluorocyclohexanes have 
long r e t e n t i o n times and there were p r a c t i c a l d i f f i c u l t i e s i n d e t e c t i n g 
t h e i r emergence from the column with the equipment a v a i l a b l e . I t was 
decided to d e h y d r o f l u o r i n a t e crude nonafluorocyclohexane mixture f i r s t 
and then attempt a s e p a r a t i o n s i n c e the dienes have much s h o r t e r r e -
t e n t i o n times than the s t a r t i n g m a t e r i a l s and thus should be detected 
more e a s i l y when they emerged from the column. 
De h y d r o f l u o r i n a t i o n of the mixture was c a r r i e d out u s i n g a v a r i e t y 
of techniques ( s e e e x p e r i m e n t a l ) , the most s u c c e s s f u l i n v o l v e d s t i r r i n g 
i t v i g o r o u s l y with an i c e cooled mixture of potassium hydroxide and water 
i n a 1:1:1 r a t i o by weight. When the r e a c t i o n 
was q u i e s c e n t the s t i r r e d mixture was heated, to o b t a i n g e n t l e r e f l u x , f o r 
approximately three hours and p e r i o d i c a l l y samples of the organic l a y e r 
were removed f o r g . l . c . a n a l y s i s . Under these c o n t r o l l e d c o n d i t i o n s i t 
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was found p o s s i b l e to o b t a i n the optimum y i e l d of the diene isomers i n 
the mixture and avoid e x c e s s i v e degradation. S e p a r a t i o n of the dehydro-
f l u o r i n a t e d mixture by p r e p a r a t i v e g . l . c . although s u c c e s s f u l , proved 
to be very time consuming and not very productive s i n c e only about one 
t h i r d of the mixture c o n s i s t e d of the monohydroheptafluorocyclohexa-
d i e n e s . However by f r a c t i o n a l l y d i s t i l l i n g the d e h y d r o f l u o r i n a t e d 
mixture i t was found p o s s i b l e to concentrate to the extent of 75% the 
requ i r e d isomers i n the f r a c t i o n b o i l i n g over the range 71 - 78°C. 
T h i s mixture when separated by p r e p a r a t i v e g . l . c . provided g r e a t e r 
amounts of the required isomers i n a s h o r t e r time. The p e r f l u o r o c y c l o -
hexadienes and the monohydroheptafluorocyclohexadienes were i d e n t i f i e d 
by comparing t h e i r i n f r a r e d , u l t r a v i o l e t and mass s p e c t r o m e t r i c 
c h a r a c t e r i s t i c s w i t h known samples. The order of the g . l . c . r e t e n t i o n 
times of the products agreed as expected with the r e s u l t s p r e v i o u s l y 
5,6 
reported by Tatlow e t . a l . and are shown below i n F i g u r e 8. 











1. 3(aJSource and Se p a r a t i o n of the Fluorocarbon Mixture 
The mixture of fl u o r o c y c l o h e x a n e s obtained from f l u o r i n a t i o n of 
benzene over cobaltic f l u o r i d e was purchased from the I m p e r i a l Smelting 
C o r p o r a t i o n , Avonmouth. A f t e r a d d i t i o n of d i e t h y l e t h e r and benzene 
the mixture was f r a c t i o n a l l y d i s t i l l e d (122 cm x 2.5 cm vacuum j a c k e t e d 
column, packed w i t h Dixon gauzes 0.15 cm x 0.15 cm), f o l l o w i n g the 
e s t a b l i s h e d proceedures f o r t h i s f r a c t i o n a t i o n to y i e l d a f r a c t i o n 
( b . r . 80 - 90°C) known to c o n t a i n p r i m a r i l y lH,2H,4H-nonafluorocyclo-
hexanes together w i t h some de c a f l u o r o c y c l o h e x a n e s , benzene and minor 
4 5 6 
amounts of other fluorohydrocarbons 1 ' . The benzene was converted 
to' benzene s u l p h o n i c a c i d by sulphonation a t room temperature w i t h a 
mixture of concentrated s u l p h u r i c a c i d and oleum, and the r e s i d u a l 
fluorohydrocarbon mixture was washed w i t h water. 
3(b) D e h y d r o f l u o r i n a t i o n of the .Fluorhydrocarboh Mixture 
( i ) Using Molten Potassium Hydroxide 
T h i s experiment was c a r r i e d out behind a s a f e t y s c r e e n i n 
a fumecupboard u s i n g the apparatus shown i n F i g u r e 9. 
Potassium hydroxide p e l l e t s (30g, B.D.H. Laboratory reagent grade) 
were placed i n the f l a s k and the apparatus purged w i t h dry n i t r o g e n w h i l e 
o 
the o i l bath was heated to 190 C and maintained a t tha t temperature 
f o r the remainder of the experiment. When the potassium hydroxide was 
a mobile l i q u i d the fluorohydrocarbon (29. "fe) was added dropwise w i t h 
c a u t i o n . There was an immediate and v i o l e n t r e a c t i o n , the v o l a t i l e 
product was trapped from the ni t r o g e n stream i n a g l a s s t r a p cooled i n 
l i q u i d a i r . The m a t e r i a l i n the t r a p s e parated i n t o two l a y e r s on 






l e a v i n g a fluorohydrocarbon mixture (21.1 g ) . A n a l y t i c a l g . l . c . of 
the product showed i t to be predominantly s t a r t i n g m a t e r i a l with only 
l i m i t e d amounts of the required dienes. T h i s procedure was not pursued 
f u r t h e r , there was no attempt to optimise c o n v e r s i o n s . 
( i i ) Using Aqueous Potassium Hydroxide 
The fluorohydrocyclohexane mixture (850 g) was slowly 
(2 hours) added to a s o l u t i o n of potassium hydroxide (500 g) i n water 
(500 g) i n a roundbottomed f l a s k (2 l i t r e ) c a r r y i n g an e f f i c i e n t 
r e f l u x condenser (122 cm x 2.5 cm, water c o o l e d ) , mechanical s t i r r e r 
and dropping funnel. The f l a s k and i t s contents were maintained at 
o 
0 C i n an i c e bath during the a d d i t i o n , on completion of the a d d i t i o n 
the f l a s k was allowed to warm slowly to room temperature and then 
the f l a s k was heated from an isomantle u n t i l g e n t l e r e f l u x i n g was 
maintained. During t h i s heating process the mixture was continuously 
and e f f i c i e n t l y s t i r r e d . The progress of the d e h y d r o f l u o r i n a t i o n was 
monitored by a n a l y t i c a l g . l . c . on samples of the organic l a y e r p e r i o d -
i c a l l y removed from the r e a c t i o n f l a s k . A f t e r r e f l u x i n g f o r 3 hours 
the mixture was cooled to 0°C, the organic l a y e r was separated, 
washed w i t h water three times, d r i e d (MgSO^) to g i v e a fluorohydro-
carbon mixture r e l a t i v e l y r i c h i n monohydroheptafluorocyclohexadienes 
(564 g ) . 
3 ( c ) Separation of the Dehydrofluorinated Mixture 
The mixture of fluorohydrocyclohexadienes, hexenes and hexanes 
obtained above was f r a c t i o n a l l y d i s t i l l e d ( a i r j a c k e t e d column, 50 cm 
x 1.8 cm, g l a s s h e l i c e s ) to g i v e : f r a c t i o n I (111.2 g ) , b.r. 58-71°; 
f r a c t i o n I I (97.7 g ) , b.r. 71-78°. A n a l y t i c a l g . l . c . and comparison 
of r e t e n t i o n volumes with those of a u t h e n t i c samples showed that both 
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f r a c t i o n s contained perfluorocyclohexa-1,3-diene, perfluorocyclohexa-1, 
4-diene, lH-heptafluorocyclohexa-1,4-diene, lH-heptafluorocyclohexa-1,3-
diene and 2H-heptafluorocyclohexa-1,3-diene. F r a c t i o n I contained a 
much g r e a t e r percentage of the perfluorocyclohexa-1,3- and 1,4-dienes 
than f r a c t i o n I I which a l s o contained a small amount of longer r e t a i n e d 
m a t e r i a l . Samples of f r a c t i o n s I and I I were separated by p r e p a r a t i v e 
o 
g . l . c . (Column A,ca 90 C ) ; the m a t e r i a l s obtained were i d e n t i f i e d by 
comparison of t h e i r i n f r a r e d s p e c t r a and g . l . c . r e t e n t i o n volumes with 
those of a u t h e n t i c samples, t y p i c a l r e s u l t s are shown i n Tables I I I and 
I V . 
Impure components were rechromatographed, and i n t h i s way pure 
of 6 
samples^lH-heptafluorocyclohexa-1,3-diene , 2H-heptafluorocyclohexa-1, 
6 6 3-diene and lH-heptafluorocyclohexa-1,4 diene were obtained. Each 
compound was i d e n t i f i e d by comparison of i t s i . r . , u . v . , and mass s p e c t r a 
w i t h those of a u t h e n t i c samples, there was complete agreement i n each 
c a s e . Each compound gave a s i n g l e sharp peak on a n a l y t i c a l g . l . c . and 
was pure w i t h i n the l i m i t s of d e t e c t i o n of s p e c t r o s c o p i c and a n a l y t i c a l 
techniques used ( ^ 9 9 % ) . ( >  
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The Separation of F r a c t i o n I by P r e p a r a t i v e g . l . c . 
Weight of mixture taken 64.5g 
T o t a l Weight of f r a c t i o n s recovered 50.7g, 78.6% 
F r a c t i o n Weight (g) Composition 
1 22.7 
2 11.1 a 
3 6.5 
(J^ J) ca 95%Pure 
4 4.9 
5 1.4 H 
Q ) H ' ; 1 : 9 w / w 
6 2.8 H 
7 0.5 
' , 3 : 2 w / w 
8 0.8 
Table I I I 
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The Separation of F r a c t i o n I I by P r e p a r a t i v e g . l . c . 
Weight of mixture taken 59.4g 
T o t a l weight of f r a c t i o n s c o l l e c t e d 48.5g,81.7% 




3 6.5 a" 
4 9.3 H 
0" : , 2 : 3 . / . 
5 . 9.7 
(^j^  95%Pure 




: " 1:10 w/w 
9 1.6 
95%Pure 
10 2.3 ^ H 
11 3.5 Longer r e t a i n e d m a t e r i a l 
Table IV 
Part I I 
he Thermal and Photochemical I s o m e r i z a t i o n s of 
Heptafluorocyclohexadienes 
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I I . 1 I n t r o d u c t i o n 
I s o m e r i z a t i o n r e a c t i o n s have a t t r a c t e d the a t t e n t i o n of chemists 
f o r many ye a r s and have been studied from v a r i o u s p o i n t s of view. The 
f i r s t stage i n studying i s o m e r i z a t i o n s i s , s e l f e v i d e n t l y , that of es-
t a b l i s h i n g the s t r u c t u r e s of the i n t e r c o n v e r t e d isomers and the r e a c t i o n 
c o n d i t i o n s under which such i s o m e r i z a t i o n s w i l l occur. Subsequently 
k i n e t i c and thermodynamicinvestigations have been undertaken to e s t a b l i s h 
the r a t e s of these p r o c e s s e s . p o s i t i o n s of e q u i l i b r i a and r e l a t i v e s t a b i l i t i e s 
of the v a r i o u s isomers. The d e t a i l e d mechanisms of such processes have 
a t t r a c t e d t h e o r e t i c a l chemists, and p a r t i c u l a r l y during, the l a s t ten to 
f i f t e e n y e a r s , the i n t e r a c t i o n between t h e o r e t i c i a n s , k i n e t i c i s t s and 
s y n t h e t i c organic chemists has been very f r u i t f u l , both i n r a t i o n a l i z i n g 
the l a r g e volume of data i n the l i t e r a t u r e and i n p r e d i c t i n g the out-
8 
come of proposed r e a c t i o n s . I t has been known f o r some y e a r s that 
h i g h l y f l u o r i n a t e d systems w i l l undergo a v a r i e t y of i s o m e r i z a t i o n r e -
9-13 
a c t i o n s , and t h i s s e c t i o n of the t h e s i s r e p o r t s on an attempt to extend 
our understanding of the i s o m e r i z a t i o n of the f l u o r i n a t e d cyclohexadiene 
system. Before d i s c u s s i n g the work c a r r i e d out, some of the recent de-
velopments i n the t h e o r e t i c a l r a t i o n a l i z a t i o n of i s o m e r i z a t i o n r e a c t i o n s 
are b r i e f l y reviewed. The published data on the i s o m e r i z a t i o n of 
f l u o r i n a t e d polyenes i s a l s o considered i n order to s e t the work i n 
context. 
I I 2. The Conservation of O r b i t a l Symmetry 
The concept that the stereochemical outcome of concerted i s o -
m e r i z a t i o n processes could be r a t i o n a l i z e d by c o n s i d e r a t i o n of the 
symmetry of the o r b i t a l s undergoing change during the r e a c t i o n was f i r s t 
8 
put forward by Woodward and Hoffman i n 1965. I t s u t i l i t y as a concept, 
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f o r r a t i o n a l i z i n g the l a r g e body of data a l r e a d y a v a i l a b l e i n the 
l i t e r a t u r e , was r a p i d l y s e i z e d upon and t h e i r approach was developed 
and a p p l i e d widely. Although t h i s t o p i c i s now a w e l l e s t a b l i s h e d 
part of chemistry the nomenclature and g e n e r a l i z e d c o n c l u s i o n s r e l a t i n g 
to the two a r e a s i n which we are p a r t i c u l a r l y concerned, namely e l e c t r o -
c y c l i c r i n g c l o s u r e s and sigmatropic migrations are b r i e f l y reviewed 
below. 
11 2 ( a ) The Nomenclature and G e n e r a l i z e d Rules f o r Sigmatropic Migration 
A number of processes have been observed i n which i s o m e r i z a t i o n pro-
ceeds v i a the migration of a sigma bond flanked by one or more TTeiectron 
systems, to a new p o s i t i o n w i t h i n the molecule, by an u n c a t a l y s e d i n t r a -
molecular process ( F i g u r e 10 ) . 
( - 3 A 
I 
c; 
i i I I 
F i g u r e 10 
I f the migrating c e n t r e Z i s detached from C-^and migrates to C j of the 
carbon framework, such that bonding i s through the same atomic c e n t r e 
w i t h i n Z, then the process i s one of order ^ 1 , j ^ j . Thus i n the above 
example the order i s i . e . , a 1,5 s h i f t . Should the group Z a l s o 
c o n t a i n a T(system i t s point of detachment from i n the carbon framework 
may not be the same as i t s point of reattachment at C j i n the framework. 
In t h i s c ase, i f the c e n t r e attached i s the i t h carbon i n Z, (where the 
numbering occurs from the o r i g i n a l attachment point of Z to CJ , then the 
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sigmatropic change i s of order i , j 
Figure 11 
In F i g u r e 11 the order i s (j3, 5^ ] i . e . , a (j3, 5^  s h i f t . 
When a s h i f t occurs the migrating group can a t t a c h i t s e l f to the 
same fac e of the carbon framework - SUPRAFACIAL SHIFT, or the opposite 
f a c e - ANTARAFACIAL SHIFT. The same nomenclature i s used f o r the 
migrating group. T h i s i s i l l u s t r a t e d d i a g r a m m a t i c a l l y i n F i g u r e 12. 
Figur e 12 
Where ^ ^ i s Z the migrating group and S and A r e p r e s e n t s u p r a f a c i a l and 
a n t a r a f a c i a l s h i f t s r e s p e c t i v e l y . 
The o r b i t a l symmetry requirements may be deduced by assuming, that 
i n a sigmatropic migration, i n t e r a c t i o n between the Z r a d i c a l and the 
framework r a d i c a l takes p l a c e . For thermochemical p r o c e s s e s the most 
important bonding i n t e r a c t i o n s w i l l be between the h i g h e s t occupied 
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molecular o r b i t a l HOMO of Z a n d the framework r a d i c a l , s i n c e these 
c o n t a i n the unpaired e l e c t r o n s . ( T h i s i s r e f e r r e d to as The F r o n t i e r 
O r b i t a l Approach). T h i s i s the s i m p l e s t t h e o r e t i c a l approach, i n the 
rigorous d e r i v a t i o n of the symmetry r u l e s a l l o r b i t a l s which change 
during the r e a c t i o n are included i n the a n a l y s i s ; both approaches lead 
to the same c o n c l u s i o n s . For l i n e a r polyenes the framework r a d i c a l w i l l 
always possess an odd number of carbon atoms i n conjugation and i s t h e r e -
f o r an odd-alternant r a d i c a l . The HOMO of odd-alternants i s non-bonding, 
the wave f u n c t i o n being c h a r a c t e r i z e d by nodes at even-numbered carbon 
n u c l e i . T h i s i s i l l u s t r a t e d i n the Tf molecular o r b i t a l diagram fo r the 
pentadienyl system ( F i g u r e 13). 
The F i r s t Three f f - Molecular O r b i t a l s of Pent a d i e n y l 
H. O.M. 0. 
F i g u r e 13 
The r e l a t i o n s h i p between the s i g n s of the 7f _ molecular o r b i t a l at 
the t e r m i n i of the HOMO of polyene r a d i c a l s may be summarized thus: 
n-2 
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For the case where n = 5 or 9, the s i g n s are i n phase, and f o r 
n - 3 or 7 the s i g n s are out of phase. Thus a bonding i n t e r a c t i o n with 
one pa r t f i l l e d s - o r b i t a l w i l l i n v o l v e s u p r a f a c i a l o v e r l a p f o r n = 5 or 9 
and a n t a r a f a c i a l o v e r l a p f o r n = 3 or 7, as i l l u s t r a t e d i n Fig u r e 14 f o r 
the h - 3 and n - 5 c a s e s . 
[1.3] 
F i g u r e 14 
The corresponding photochemically allowed sigmatropic migrations 
would be those shown i n ( F i g u r e 1 5 ) , i n t h i s case the i n t e r a c t i o n 
between the migrating r a d i c a l and the lowest unoccupied molecular o r b i t a l 
(LUNIO) of the framework r a d i c a l i s depi c t e d . 
0 + 
1,3 
F i g u r e 15 
The Woodward-Hoffmann r u l e s f o r concerted sigmatropic m i g r a t i o n s of 
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I I 2(b) The Nomenclature and G e n e r a l i z e d Rules f o r E l e c t r o c y c l i c 
Ring C l o s u r e and Opening 
E l e c t r o c y c l i c r e a c t i o n s are those i n which a s i n g l e bond i s formed 
between the termini of a l i n e a r system c o n t a i n i n g k e l e c t r o n s and the 
re v e r s e processes ( F i g u r e 16 ) . 
• 
Fi-gu re 1S 
T h i s change may occur i n e i t h e r a conrotatory or a d i s r o t a t o r y f a s h i o n 
as shown i n ( F i g u r e 17 ) . 
A 









Fi g u r e 17 
Not a l l of these modes of r i n g opening or c l o s i n g w i l l be d i s t i n g u i s h a b l e 
in a p a r t i c u l a r case. I f A,B,C and D are i d e n t i c a l , f o r example, there 
i s only one p o s s i b l e product. I f A,B, C and D are a l l d i f f e r e n t groups 
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there are four p o s s i b l e products. B a s i c a l l y , the theory d i s t i n g u i s h e s 
between d i s r o t a t o r y and conrotatory modes of r i n g opening ;ind c l o s i n g , 
i t does not d i s t i n g u i s h between the v a r i a t i o n s of a p a r t i c u l a r mode 
although one v a r i a t i o n may be pr e f e r r e d on other grounds such as 
s t e r i c e f f e c t s . The t r a n s i t i o n s t a t e in the conrotatory mode i s 
c h a r a c t e r i z e d by a plane of symmetry while that of the d i s r o t a t o r y 
mode by a twofold a x i s of symmetry. 
The p r e d i c t e d mode of e l e c t r o c y c l i c r i n g opening or c l o s u r e de-
pends on the number of TT e l e c t r o n s i n the open polyene. A conjugated 
l i n e a r polyene, whether n e u t r a l , p o s i t i v e or n e g a t i v e l y charged, w i t h 
4nft / e l e c t r o n s , has a HOMO with a twofold a x i s of symmetry i n which the 
sig n s of the terminal lobes are out of phase ( F i g u r e 18 ) . 
Fig u r e 18 
Therefore the p r e d i c t e d thermal c y c l i z a t i o n must take p l a c e by 
a conrotatory r i n g c l o s u r e ( F i g u r e 19 ) i n order to obtain a bonding 
i n t e r a c t i o n . 
n 
Butadiene A l l y l anion Pentadienyl c a t i o n 
F i g u r e 19 
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The.stereochemical course of the photochemical r i n g c l o s u r e of 
these systems can be regarded i n t h i s F r o n t i e r O r b i t a l Approach, as 
being c o n t r o l l e d by the symmetry of the lowest unoccupied molecular 
o r b i t a l (LUMO) of the framework r a d i c a l . S i n c e the symmetries of 
the LUMO and HOMO are d i f f e r e n t , the st e r e o c h e m i c a l course of the 
photochemically promoted r i n g c l o s u r e w i l l be d i f f e r e n t to the 
thermal one, i n t h i s case a d i s r o t a t o r y r i n g c l o s u r e i s allowed 
( F i g u r e 20 ) . 
h-J 
F i g u r e 20 
For (4n + 2) 7^ e l e c t r o n systems, the t e r m i n i lobes i n the HOMO are i n 
phase ( F i g u r e 21 ) . They are a l s o c h a r a c t e r i z e d by having a plane 
of symmetry. 
A l l y l c a t i o n Pentadienyl anion Hexatriene 
F i g u r e 21 
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P r e d i c t e d r i n g c l o s u r e or r i n g opening i n the d i s r o t a t o r y mode i s ther-
mally allowed, and by analogy with the e a r l i e r 4n "ft e l e c t r o n examples 
conrotatory r i n g c l o s u r e w i l l be observed f o r the photochemical process. 
Again i t i s worth mentioning that the use of the F r o n t i e r O r b i t a l 
Approach i s the s i m p l e s t t h e o r e t i c a l treatment, however a more ri g o r o u s 
d e r i v a t i o n of the symmetry r u l e s i n v o l v i n g c o r r e l a t i o n diagrams g i v e s 
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I I 3. The Dewar-Zimmermann Approach 
15.16 14 Dewar and Zimmermann considered t h a t concerted r e a c t i o n s occur v i a 
aromatic t r a n s i t i o n s t a t e s . They r e l a t e d the f a c i l i t y of a p e r i c y c l i c 
r e a c t i o n to the s t a b i l i t y of the c y c l i c t r a n s i t i o n s t a t e by analogy with 
c y c l i c polyenes. They then d e s c r i b e d the c y c l i c t r a n s i t i o n s t a t e as 
being aromatic, non-aromatic or a n t i a r o m a t i c , a c c o r d i n g to whether i t 
was more s t a b l e than, as s t a b l e a s , or l e s s s t a b l e than the open c h a i n 
analogue. The c o n c l u s i o n s of t h i s a n a l y s i s a r e broadly i n l i n e with 
those of the Woodward-Hoffmann-approach. Reviewed below a r e the 
nomenclature and general r u l e s f o r the a p p l i c a t i o n of the Dewar-
Zimmermann approach. 
I I 3 ( a ) Nomenclature and G e n e r a l i z e d Rules f o r the Dewar-Zimmermann 
The t r a n s i t i o n s t a t e s i n a p e r i c y c l i c r e a c t i o n can possess two 
p o s s i b l e a r r a y s known as HUckel or Mobius a r r a y s . In a HUckel type the 
number of s i g n d i s c o n t i n u i t i e s i n the p - o r b i t a l a r r a y i s zero or even, 
whereas i n that of the Mbbius i t i s odd. T h i s i s i l l u s t r a t e d i n 
F i g u r e 22 f o r benzene and the t r a n s i t i o n s t a t e f o r t h e c o n r o t a t o r y 
r i n g c l o s u r e of but-1,3-diene. 
Approach 
Hllckel MBbius 
No. of d i s c o n t i n u i t i e s 0 No. of d i s c o n t i n u i t i e s I 
F i g u r e 22 
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The t r a n s i t i o n s t a t e i s p r e d i c t e d to be aromatic when i t e i t h e r 
p o s s e s s e s (4n + 2) 7T e l e c t r o n s i n a HUckel a r r a y or 4n TV e l e c t r o n s 
i n a Mbbius a r r a y . In both c a s e s the t r a n s i t i o n s t a t e i s s t a b i l i z e d 
r e l a t i v e to i t s a c y c l i c c o u n t e r p a r t s . The general r u l e f o r thermal • 
p e r i c y c l i c r e a c t i o n s can be s t a t e d as f o l l o w s : Thermal p e r i c y c l i c 
r e a c t i o n s take place v i a aromatic t r a n s i t i o n s t a t e s . P r e d i c t i o n s f o r 
thermal and photochemical p e r i c y c l i c r e a c t i o n s are summar.ized o v e r l e a f . 
The procedure f o r using i t i s as f o l l o w s : 
1. Draw a t r a n s i t i o n s t a t e as a s e r i e s of overlapping s- and p - o r b i t a l s , 
p u t t i n g i n + and - s i g n s so that they minimize the number of s i g n 
changes i n the p a r t i c i p a t i n g o r b i t a l s . 
2. Count the number of s i g n i n v e r s i o n s i n the c y c l i c a r r a y and the num-
ber of e l e c t r o n s involved. I f the c y c l e i n c l u d e s both lobes of a 
s i n g l e p - o r b i t a l the necessary s i g n i n v e r s i o n a c r o s s these two lobes 
i s not counted. 
3. C l a s s i f y the t r a n s i t i o n s t a t e as being of the Hllckel or MBbius type. 
From the number of e l e c t r o n s determine whether or not the t r a n s i t i o n 
s t a t e i s aromatic. 
At t h i s stage i t would seem advantageous to i l l u s t r a t e the use of t h i s 
approach by examples. Consider the 1,5- sigmatropic migration of 
hydrogen i n pent-1,3-diene, F i g u r e 23. 
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In the t r a n s i t i o n s t a t e ( F i g u r e 24 ) the terminal carbon atoms 
2 3 
change h y b r i d i z a t i o n from sp to sp and v i c e - v e r s a . 
Figure 24 
The t r a n s i t i o n s t a t e c o n t a i n s 6 Tf e l e c t r o n s and s i n c e the number of 
s i g n i n v e r s i o n s i s zero i t i s of the Htlckel type. The theory p r e d i c t s 
the sigmatropic migration should be thermally allowed but photochemically 
forbidden. 
I n the case of the e l e c t r o c y c l i c r i n g c l o s u r e of but-1,3-diene to 
cyclobutene, as shown i n F i g u r e 25 the t r a n s i t i o n s t a t e would show 
2 3 
the terminal carbon atoms changing h y b r i d i z a t i o n from sp to sp 
( F i g u r e 26 ) . 
f 
Fig_ure _25 F i g u r e 26 
For a d i s r o t a t o r y r i n g c l o s u r e the number of s i g n i n v e r s i o n s i n the 
t r a n s i t i o n s t a t e i s zero and i s of the HUckel type i n v o l v i n g 4 7T e l e c t r o n s . 
The theory p r e d i c t s t h i s mode of r i n g c l o s u r e should be thermally f o r -
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bidden but photochemically allowed. 
I I 4. L i m i t a t i o n s 
I t must be borne i n mind that these a r e r a t i o n a l i z a t i o n s a p p l i c -
able only to concerted processes. I f s t e r i c or themodynamic f a c t o r s 
are favourable the t h e o r e t i c a l l y p r e d i c t e d "allowed" pathway would be 
expected to be followed e x p e r i m e n t a l l y . However, a t h e o r e t i c a l l y pre-
d i c t e d "forbidden" pathway may a c t u a l l y be followed e x p e r i m e n t a l l y 
a l b e i t with a somewhat higher a c t i v a t i o n energy than the analogous 
"allowed" process or by a nonconcerted mechanism. I t i s i n t e r e s t i n g 
8 
to note that Woodward and Hoffmann suggest that the order of preference 
of t r a n s i t i o n s t a t e s i s : 
however, Berson e t . a l . ' c l a i m t h i s would mean o r b i t a l s at r e a c t i v e s i t e s 
i n the d i r a d i c a l would overlap as l i t t l e as p o s s i b l e and hence such 
r e a c t i o n s would be expected to r e s u l t i n stereorandomisation. They 
argue there i s an underlying b i a s towards the f o l l o w i n g order of 
preference of t r a n s i t i o n s t a t e s : 
ALLOWED > DIRADICAL > FORBIDDEN 
17,18 
ALLOWED > FORBIDDEN > DIRADICAL 
Consider a thermal s u p r a f a c i a l [ l , 3 j s i g m a t r o p i c rearrangement of carbon, 
there are two p o s s i b l e t r a n s i t i o n s t a t e s as shown: 
2s + 2a Allowed 2s + 2s Forbidden 
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Thi> r o n v l :i t i o n il i .-in i.ims I'm- t h o s o two I r i m s i I i on s l . i l o s ;uul I lu 
d i r a c l i c a l are shown IK .'low in Figures 27 ( a ) , 27 (b^ and 9 7 ( c ) . 
4 fe'/jo E = 4/@o E = 2v /2~^o 
y S — 
Ap 
2s 4- 2a 
Allowed 
( a ) 
2s + 2s 
Forbidden 
(b) 
F i g u r e 27 
4i ® ^ 
C O 
non-in t e r a c t i n g 
d i r a d i c a l 
( c ) 
F i g u r e 2 7 ( t ) i l l u s t r a t e s the a p p r e c i a b l e s t a b i l i z a t i o n of the forbidden 
s t a t e by i n t e r a c t i o n between a carbon p - o r b i t a l and a subjacent bonding 
a l l y l o r b i t a l of the same symmetry. Two of the four e l e c t r o n s involved 
can be accommodated in a more s t a b l e o r b i t a l than i n the separate f r a g -
ments, see F i g u r e 2 7 ( c ) . i n t h i s case there i s not much d i f f e r e n c e 
e n e r g e t i c a l l y between the allowed and forbidden p r o c e s s e s . By r e s t r i c t i n g 
v 
the a b i l i t y of the carbon to migrate a n t a r a f a c i a l l y i n s e l e c t e d compounds 
they showed that the degree of r e t e n t i o n and i n v e r s i o n i n the products 
could only be explained by assuming two concerted processes were op-
e r a t i n g simultaneously, the allowed and forbidden. These a l t e r n a t i v e s 
18 
only assume importance when s t e r i c f a c t o r s i n h i b i t the allowed route. 
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I I 5. I l l u s t r a t i v e Examples of Sigmatropic Migrations and T h e i r 
Ra t i ona 1 i za t i on 
Thermal [1 , 5 ] sigmatropic migration i n c y c l i c systems has been 
observed i n a wide v a r i e t y of compounds. Sigmatropic [ l , 3 j and | l , 7 I 
hydrogen migrations have not been observed i n small or medium s i z e d 
r i n g s owing to the u n a t t a i n a b l e geometry requirements f o r a n t a r a f a c i a l 
migration but [1,3] migrations of carbon m o i e t i e s are not uncommon. 
In f i v e membered r i n g dienes conformational e f f e c t s a r e minimal 
but as the r i n g s i z e i n c r e a s e s the migrating group can take up two 
p o s s i b l e p o s i t i o n s r e l a t i v e to the ft e l e c t r o n system. Thus f o r example, 
i n 1,3-cyclohexadiene and 1,3,5-cycloheptatriene, a mig r a t i n g group 
can occupy e i t h e r pseudo-axial or pseudo-equatorial p o s i t i o n s . 
19 ,20 
K l o o s t e r z i e l e t . a l . f i r s t p o s t u l a t e d that a group occupying a 
pseudo-axial p o s i t i o n i s more l i a b l e to p a r t i c i p a t e i n a concerted 
c y c l i c t r a n s i t i o n s t a t e than one occupying a pseudo-equatorial p o s i t i o n . 
21 
Spangler has r e c e n t l y reported that migration of hydrogen from C of 
o 
a 5 - s u b s t i t u t e d 1,3-cyclohexadiene may a l s o be conformation dependant. 
In the range 300-350°C i n a f a s t flow system, 5 - t e r t - b u t y l - 1 , 3 - c y c l o -
hexadiene rearranges f a s t e r , than does the corresponding 5-methyl com-
pound to y i e l d 1-alkyl-l,3-cyclohexadiene» as shown i n F i g u r e 28. 
5\ H Where R = t e r t . b u t y l 
F i g u r e 28 
These r e s u l t s i n d i c a t e that ground s t a t e conformation may i n f l u e n c e the 
r e l a t i v e migration r a t e s , and migrating a p t i t u d e s of groups. 
I s o m e r i z a t i o n s i n v o l v i n g [l ,5_\ sigmatropic hydrogen migrations have been 
e x t e n s i v e l y s t u d i e d . The s u p r a f a c i a l nature of the migration has been 
40 -
22 demonstrated c o n c l u s i v e l y by Roth e t . a l . , who e s t a b l i s h e d that thermal 
r 1 
migration i n 1,3-cyclopentadiene and indene was a concerted j1,5' pro-
c e s s ; they used n.m.r. to follow the i s o m e r i z a t i o n of a p p r o p r i a t e l y 
deuterated compounds, fo r example, the deuteroindene shown i n Figu r e 29 
H 
F i g u r e 29 
K i n e t i c data f o r » 5 J hydrogen migrations i n s i x , seven and eigh t 
23,24 
membered c y c l i c dienes i s spars e . Spangler reported t h a t 
hydrogen migration i n the 1 , 3-cyclopentadiene systems was f a i r l y slow 
o o 25 below 300 C, but f a s t and r e v e r s i b l e above 325 C. Van der Burg , 
26,27 r 1 
Marvell e t . a l . , have a l l confirmed that | l ,5J hydrogen migration i s 
much slower i n 1 , 3-cyclohexadiene systems than i n those i n v o l v i n g 
1 , 3-cyclopentadiene. A c t i v a t i o n e n e r g i e s f o r hydrogen migration i n the 
1 , 3-cyclohexadlene systems are about 13-15 K cal/mol higher than i n 
the f i v e membered r i n g systems. 
28 - 1 Looker f i r s t reported a [ 3 ' ^ halogen m i g r a t i o n i n the 
dibenzotropylidene system where he found the gem-dichloro d e r i v a t i v e s 
shown i n F i g u r e 3 o, isomerized to the 5,11 - d i c h l o r o isomer at 180 
to 200°C, the r e a c t i o n being r a t i o n a l i z e d i n terms of s u c c e s s i v e 
[ l , 5j c h l o r i n e and hydrogen s h i f t s . 
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F i g u r e an 
There have a l s o been recent r e p o r t s of both [jL, 3 J and [ l i 5 ] c h l o r i n e 
29 
migrations. Roedig e t . a l . r a t i o n a l i z e d the observed r a p i d i s o m e r i z a t i o n s 
of a t e t r a c h l o r o p e n t a d i e n a l i n b o i l i n g carbon t e t r a c h l o r i d e ( F i g u r e 31 ) , 
i n terms of a [ l , 5 ] c h l o r i n e migration i n an i n t e r m e d i a t e oxacyclohexa -1,3-
diene as shown i n F i g u r e 31. 
Ph H C l 0 H C l Ph 0 
F i g u r e 31 V 
CCl A 
Cl Cl C l 
c i 1 / c i C l c i Cl ci 
c i Ph 
H H Ph 0 0 Cl Cl Ph H 
c i 
Cl 0 H Ph 
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24 
iStrohmeier and ISclen have i n t e r p r e t e d the 3-chloro-l-butene to 
l-chloro-2-butene i s o m e r i z a t i o n i n dioxan at 75°C as a Ql,3j sigmatropic 
c h l o r i n e migration, as shown i n Figure 32. 
H H H H H I I / H • i l l 
CH 3 c — c =rfc 7 5 C. CH 3 — C = C _ C _ H 1 — I DIOXAN 
y ci 
F i g u r e 32 
11 6. I l l u s t r a t i v e Examples of E l e c t r o c y c l i c Ring Opening and C l o s u r e 
These i n t r a m o l e c u l a r c y c l o a d d i t i o n s provided the i n i t i a l s t i m u l i 
f o r the study of molecular o r b i t a l symmetry and concerted r e a c t i o n s by 
Woodward and Hoffmann. Since 1965 a p p l i c a t i o n of t h e i r ideas have 
8 
r a t i o n a l i z e d most of the numerous observed e l e c t r o c y c l i c r e a c t i o n s , 
some i l l u s t r a t i v e examples r e l a t i n g to 1,3-hexadiene systems are pre-
sented i n t h i s s e c t i o n . 
I r r a d i a t i o n of an e t h e r e a l s o l u t i o n of cyclohexa-1,3-diene i n a 
quartz tube a t 20 C g i v e s p r i m a r i l y the l i n e a r t r i e n e presumably 
v i a the allowed conrotatory process as shown i n Figu r e 33. 
h-J 
20°C 
Figu r e 33 
Photochemical conrotatory r i n g openings are i l l u s t r a t e d i n F i g u r e s 
34 and 35 i n which the stereochemical d e t a i l s are e s t a b l i s h e d . 
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E t _ 0 
15-75 hours 
Fig u r e 34 
CD co co H i n MeOH 
H 
Fig u r e 35 
In the example depicted i n F i g u r e 35 the photoisomer i s unstable a t 
room temperature and r e v e r t s to the more s t a b l e t r a n s fused isomer by 
the allowed d i s r o t a t o r y thermal r i n g c l o s u r e . 
However, i f cyclohexa-1,3-diene and OC -phellandrene are s u b j e c t e d 
to extended r a d i a t i o n , r i n g c l o s u r e occurs as shown i n F i g u r e s 36 a n d 37 
d o extended 
F i g u r e 36 
H 
H CO h-* extended 
50% 10% 
Figur e 37 
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A l l of these products can be r a t i o n a l i z e d as a r i s i n g from the 
i n i t i a l l y formed t r i e n e v i a allowed processes, a 4 TT c l o s u r e l e a d i n g 
to 3 - v i n y l c y c l o b u t e n e and a -.4 + _,2 (the s o - c a l l e d "Photochemical 
Ti s TI a 
i t 
D i e l s - A l d e r Reaction ) accounting f o r the other products depicted i n 
F i g u r e s 36 and 37 . F u r t h e r evidence favouring t h i s r a t i o n a l i z a t i o n 
can be found i n the p h o t o l y s i s of 1 , 5 , 6 - t r i p h e n y l c y c l o h e x a -1,3 -dienes,' 
shown i n F i g u r e s 38 and 39 . Thus the 1,5,6-cis t r i p h e n y l isomer 
( F i g u r e 3 8 ) was shown to give only exo.exo - 3,4,6 - t r i p h e n y l b i c y c l o 
[ j 3 , l , o J hex -2-ene on i r r a d i a t i o n , whereas the 1,5,6-trans isomer 







F i g u r e 38 
F i g u r e 39 
These obser v a t i o n s can be r a t i o n a l i z e d i n terms of an i n i t i a l 6Tf-
conrotatory opening.followed by a photochemically allowed ^ 4 8 + ^ 2 a 
c y c l o a d d i t i o n process. In the f i r s t example th e r e are two p o s s i b l e con-
r o t a t o r y modes, ( i ) and ( i i ) i n F i g u r e 40 , however only mode ( i i ) l e a d s 
to a t r i e n e which has favoured s t e r e o c h e m i s t r y f o r the subsequent 
- 45 -
7T^a + TT 2a c l o s u r e mode, ( i ) would l e a d to an e x c e s s i v e l y crowded 
b i c y c l o 3,1,0 hexene d e r i v a t i v e which i s not observed i n p r a c t i c e . 
Ph 
6= Ph Ph 
6 TT -CON 6 7t -CON 





7T a ^ s s a 




Figu r e 40 
Thus we see where two allowed modes e x i s t one may be p r e f e r r e d on 
stere o c h e m i c a l grounds. The r a t i o n a l i z a t i o n of the observed i s o m e r i z a t i o n 
of the t r a n s -1,5,6, - t r i p h e n y l isomer ( F i g u r e 39 ) , i s analagous to 
tha t given f o r the c i s . 
- 46 -
T F 7 P r e v i o u s l y Reported I s o m e r i z a t i o n s of F l u o r i n a t e d Systems 
P a t r i c k e t . a l . d i s c overed that h i g h l y f l u o r i n a t e d cyclohexadienes 
o 
isomerized when heated i n the range 250-600 C i n the absence of a r e -
9 
a c t i v e metal s u r f a c e . Using a flow system through an unpacked "aged" 
n i c k e l tube i n the temperature range 400 - 600°C they found t h a t both 
octafluorocyciohexa-1,4-diene and 1H - heptafluorocyclohexa-1,3,-diene 
were isomerized ( F i g u r e 41 ) . 
Reactant Reaction 
Conditions 
Products (% composition) 
0 aH 0 
a 450°C Aged n i c k e l tube 4 QP 
H 260°C 
Aged n i c k e l 12. 9 41.3 6.8 
tube 
F i g u r e 41 
32 
Recently P a t r i c k e t . a l . have shown that the perfluoro-1,4-diene 
i s s l i g h t l y more s t a b l e than the 1,3-diene and that w i t h r i s e i n temper-
a t u r e , i t s r e l a t i v e s t a b i l i t y d e creases. Thus the e q u i l i b r i u m constant, 
K = p L , 3 diene] / | l , 4 d i e n e j , changes from 0.299 at 250°C to 0.405 at 
450°C. 
The e q u i l i b r i u m experiments were c a r r i e d out i n g l a s s ampoules: at 
-4 + -
low p r e s s u r e , approximately 10 mm and i n the presence of a Na F c a t a -
l y s t . S e v e r a l other r e a c t i o n s have been reported which could p l a u s i b l y 
be r a t i o n a l i z e d i n terms of the migration of a f l u o r i n e atom. 
10 
Camaggi and Gozzo during t h e i r work on the photochemical i s o m e r i -
z a t i o n d e r i v a t i v e s of decafluorocyclohexene reported t h a t p e r f l u o r o -
- 47 -
(-2-methylcyclopentadiene) isomerized to perfluoro-(-1-methylcyclopenta-
o 
diene) when heated at 80 C f o r two clays ( F i g u r e 42 ) . 
+ Dimers 
C F 3 
3 3 Figure 42 
Fea s t e t . a l . , w h i l e attempting to make polyfluorocyclohexa-1,3-dienes 
w i t h s p e c i f i c s u b s t i t u t i o n p a t t e r n s prepared 1H,2H- and 2H.3H - hexa-
fluorocyclohexa - 1,3-dienes from b i c y c l o [2,2,2] -oct-2-ene, see F i g u r e 
43. 
F F 
F i g u r e 43 
Subsequently, i t was shown that e i t h e r of the dihydrohexafluorocyclohexa 
-1,3-dienes was isomerized on p y r o l y s i s to a mixture c o n s i s t i n g pre-
dominantly of the two isomers shown i n Fig u r e 44 . 
H 
a H 
Figu r e 44 
I t seemed u n l i k e l y that t h i s i s o m e r i z a t i o n was c a t a l y s e d by t r a c e s of 
f l u o r i d e ion i n a process analogous to that shown i n F i g u r e 45 f o r two 
reasons. In the f i r s t p l a ce the experimental c o n d i t i o n s i n the r e a c t i o n 
- 48 -
' F 
Figu r e 45 
are u n l i k e l y to have r e s u l t e d i n the presence of s i g n i f i c a n t q u a n t i t i e s 
of f l u o r i d e ion and secondly, although the s i t e of a t t a c k of F S i s not 
r e a d i l y p r e d i c t e d i n t h i s system, i t would seem l i k e l y that such a pro-
c e s s ( see l a t e r ) would l e a d to the production of l a r g e q u a n t i t i e s of 
pentafluorobenzene r a t h e r than predominant i n t e r c o n v e r s i o n s between 
the 1,3-dienes as reported. They a l s o found, w h i l e i n v e s t i g a t i n g the 
11 
chemistry of some f l u o r i n a t e d p o l y c y c l i c polyenes t h a t dodecafluoro-
t r i c y c l o |5,2,2 ,oJ - undeca -2,5,8 - t r i e n e w a s isomerized photo-
c h e m i c a l l y to d o d e c a f l u o r o t r i c y c l o |5,2,2,o] .- undeca -2,3,8 - t r i e n e , 
see F i g u r e 46. 
1x0 h-i 
Figure 46 
Vacuum p y r o l y s i s of the same compound y i e l d e d perfluoroindene i n good 
y i e l d as depicted i n F i g u r e 47. 
- 49 -
F i g u r e 47 
They suggested t h a t a p l a u s i b l e e x p l a n a t i o n f o r both o b s e r v a t i o n s could 
be provided by a [l,5] sigmatropic migration of f l u o r i n e . F u r t h e r work 
on perfluoroindene suggested that i t was photochemically isomerized to 
12 
p e r f l u o r o i s o i n d e n e ; the l a t t e r being p o s t u l a t e d as an intermediate 
s i n c e i r r a d i a t i o n of perfluoroindene i n the presence of ethylene g i v e s 





F i g u r e 48 
T h i s was considered to be an unambiguous example of a sigmatropic f l u o -
13 
r i n e s h i f t . Haszeldine e t . a l . have reported f l u o r i n e s h i f t s when 
hi g h l y f l u o r i n a t e d d e f i n e s are i r r a d i a t e d with u l t r a v i o l e t l i g h t . For 
example, F i g u r e 49 shows the r e s u l t of i r r a d i a t i n g p e r f l u o r o - 2 , 3 - d i -
methylbut-2-ene f o r approximately seven days. 
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F i g u r e 49 
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No rearrangement was d e t e c t a b l e i n the dark at temperatures up to 300°C. 
They suggest that the rearrangement i s p o s s i b l y a s u p r a f a c i a l [ l , 3 ^ 
sigmatropic s h i f t and s t a t e that t h i s would be symmetry allowed, f o r 
the photochemically e x c i t e d s t a t e . 
The examples reported above can a l l be r a t i o n a l i z e d i n terms of a 
process which i n v o l v e s the migration of a f l u o r i n e atom although i n some 
ca s e s a l t e r n a t i v e e x p l a n a t i o n s are p l a u s i b l e , f o r example, f l u o r i d e ion 
c a t a l y s e d p r o c esses. 
I s o m e r i z a t i o n s of f l u o r i n a t e d systems c a t a l y s e d by f l u o r i d e ions 
are w e l l documented i n the l i t e r a t u r e . 
Camaggi e t . a l . reported an i n t e r e s t i n g rearrangement i n a fused 
34 
r i n g system . Reaction of ethylene g l y c o l with perfluorocyclohexene i n 
the presence of potassium hydroxide l e d to i s o m e r i c 1,4-dioxanaphthalene 
s t r u c t u r e s (along w i t h a 2 - s p i r o d i o x o l a n e ) , both of which were converted 
by potassium f l u o r i d e to a t h i r d s t r u c t u r e i n which the double bond 
was the most h i g h l y s u b s t i t u t e d , t h i s i s i l l u s t r a t e d i n Figure 50. CD GO o H (CH„0H) H H KOH H 
0 H 
H 0 
F i g u r e 50 
They suggest the mechanism f o l l o w s the w e l l known process i n which 
a double bond migrates round a r i n g system by s u c c e s s i v e a d d i t i o n and 
e l i m i n a t i o n s of f l u o r i d e ion, as d e p i c t e d i n F i g u r e 51, u n t i l the number 
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Fi g u r e 51 
Other rearrangements c a t a l y s e d by f l u o r i d e ion are reported by 
36 1 
Young and Chambers . The consensus of opinion favours an a d d i t i o n 
- e l i m i n a t i o n mechanism where C F ^ g r o u p s a re p a r t i c u l a r l y s u s c e p t i b l e 
to f l u o r i d e ion a t t a c k . Consequently e q u i l i b r a t i o n between isomers of 
f l u o r o - o l e f i n s f r e q u e n t l y occurs i n the presence of f l u o r i d e ion, g i v i n g 
the most s t a b l e isomer. Isomers w i t h t e r m i n a l CFgS groups a re r e a d i l y 
isomerized, but i n t e r n a l o l e f i n s u s u a l l y r e q u i r e much more vigorous 
c o n d i t i o n s . 
Attempts to c o n s t r u c t a t h e o r e t i c a l r a t i o n a l i z a t i o n f o r i s o m e r i -
z a t i o n s apparently i n v o l v i n g f l u o r i n e s h i f t S j a r e f r u s t r a t e d by the f a c t 
that most of the systems f o r which o b s e r v a t i o n s a r e a v a i l a b l e i n v o l v e 
c y c l o p e n t a d i e n y l as the framework r a d i c a l , and because of o r b i t a l 
degeneracy there i s c o n s i d e r a b l e ambiguity over d e f i n i n g the symmetries 
of the o r b i t a l s i n v o l v e d . A f u r t h e r c o m p l i c a t i o n e x i s t s i n the nature 
of the migrating group i n that the f l u o r i n e atom might conceivably use 
e i t h e r one end of a p-atomic o r b i t a l or both ends. These p o i n t s are 
elaborated : i n the d i s c u s s i o n of F i g u r e s 52 and 53. 
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O r b i t a l Energy Diagram for C y c l o p e n t a d i e n y l 0 Y 5 ( y ) . 4 - - H - -Y3 (x) •4f ^ 2 "V 3 
F i g u r e 52 
The odd e l e c t r o n may be assigned to e i t h e r of the two degenerate 
o r b i t a l s * y 2 and In the symmetric c o n f i g u r a t i o n of the f i v e 
membered r i n g the odd e l e c t r o n has equal p r o b a b i l i t y of going i n t o "vf^  „ 
At 
or "vy g, but according to the J a h n - T e l l e r theorem t h i s i s not the 
s t a b l e c o n f i g u r a t i o n f o r the system. A more s t a b l e s t a t e w i l l be one 
i n which d i s t o r t i o n occurs and hence s p l i t t i n g of the degeneracy. The 
s p l i t t i n g of the degenerate molecular o r b i t a l s i s q u i t e s m a l l , approxi-
37 
mately 1 kcal/mole. A n a s t a s s i o u , contends the magnitude of t h i s s p l i t 
w i l l be f u r t h e r i n c r e a s e d by the presence of the migrating group,and he 
suggests that the f r o n t i e r o r b i t a l of i n t e r e s t can be i d e n t i f i e d on the 
b a s i s of f i r s t order p e r t u r b a t i o n theory. T h i s r e q u i r e s that s p l i t t i n g of 
a p a i r of.degenerate molecular o r b i t a l s upon p a r t i a l bond f i x a t i o n ( d i s -
t o r t i o n ) occur i n such a way as to i n c r e a s e the energy of the molecular 
o r b i t a l with the l a r g e s t number of nodes c r o s s i n g formal double bondSj and 
to decrease the energy of the a l t e r n a t e molecular o r b i t a l Thus f o r the two 
i n i t i a l l y degenerate molecular o r b i t a l s d e picted i n F i g u r e 52, t h i s approach 
p r e d i c t s that "uJ w i l l move to higher energy than "V^ 1 a n c* consequently, f o r 
the c y c l o p e n t a d i e n l y r a d i c a l „ should be considered as the HOMO. 
- 53 -
F i g u r e 53 
However, as a l r e a d y s t a t e d , even i f the ambiguity over which o r b i t a l 
of the framework r a d i c a l i s to be considered as the HOMO can be r e -
solved i n t h i s way, ( A n a s t a s s i o u a l s o i d e n t i f i e s the LUMO f o r c y c l o -
p e n t a d i e n y l ) , there remains the ambiguity over how the migrating 
f l u o r i n e w i l l i n t e r a c t with the r e l e v a n t framework o r b i t a l . T h i s l a t t e r 
point i s i l l u s t r a t e d i n F i g u r e 54. i n the s i t u a t i o n where f l u o r i n e uses 
F l u o r i n e Migration P o s s i b i l i t i e s 
Using one end of a p-lobe Using both ends of p-lobes 
n n 
I n v e r s i o n 
Retention 
F i g u r e 54 
one f a c e of a p-atomic o r b i t a l to i n t e r a c t with the framework o r b i t a l 
we have an analogy w i t h migration of carbon w i t h r e t e n t i o n of con-
f i g u r a t i o n , and i n the case where both ends of the p-atomic o r b i t a l are 
used i n the i n t e r a c t i o n we have an analogy w i t h i n v e r s i o n at a migrating 
carbon c e n t r e . These terms are used below, although of course, there i s 
no stereochemical s i g n i f i c a n c e attached to them i n the case of f l u o r i n e 
m i g r a t i o n s . . 
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At t h i s point, i t would be i n t e r e s t i n g to examine how the f l u o r i n e 
atom i n t e r a c t s w i t h the framework r a d i c a l i n the p r e v i o u s l y reported 
f l u o r i n e i s o m e r i z a t i o n s to see whether or not some p a t t e r n emerges w i t h 
r e s p e c t to r e t e n t i o n or i n v e r s i o n . The r e s u l t s of previous i n v e s t i g a t i o n s 
are summarized i n Table V . 
I t can be seen that the migration of the f l u o r i n e atom w i t h r e s p e c t 
to i n v e r s i o n or r e t e n t i o n occurs i n a seemingly random manner^ although 
some r e s e r v a t i o n s should be made about p l a c i n g too much r e l i a n c e on 
the c y c l o p e n t a d i e n y l assignments. T h e r e f o r e , i t was decided to attempt 
to examine the i s o m e r i z a t i o n of cyclohexa -1,3-dienes, s i n c e i n t h i s case 
the ordering of the Tt molecular o r b i t a l s i n the framework r a d i c a l i s 
completely unambiguous. i t might t h e r e f o r e be p o s s i b l e to e s t a b l i s h 
whether the migrating f l u o r i n e atom d i s p l a y s a marked tendency to use 
one lobe or both lobes of the p-atomic o r b i t a l s . 
In f a c t , a l l of the above arguments presuppose a concerted migration 
process. I f a s y s t e m a t i c r a t i o n a l i z a t i o n i n terms of o r b i t a l symmetry 
c o n t r o l emerged from t h i s work, the observ a t i o n s could be taken as 
evidence supporting a concerted ( o r n e a r l y concerted) f l u o r i n e migration; 
however, i t was a p p r e c i a t e d that the absence of a s a t i s f a c t o r y t h e o r e t i c a l 
r a t i o n a l i z a t i o n i n these terms l e a v e s the mechanism of such migrations 
open to f u r t h e r question. 
The system we chose to study was the monohydroheptafluorocyclohexa -
1,3-dienes, s i n c e these are a l l r e l a t i v e l y e a s i l y a v a i l a b l e , have q u i t e 
d i s t i n c t g.p.c. r e t e n t i o n volumes, and mixtures could t h e r e f o r e be r e a d i l y 
analysed. Furthermore, the l i k e l y products of r e a c t i o n , other than those 
from i s o m e r i z a t i o n , namely pentafluorobenzene and hexafluorobenzene (pro-
duced by d e f l u o r i n a t i o n and d e h y d r o f l u o r i n a t i o n r e s p e c t i v e l y ) , are a l s o 
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Ref. Reaction 
I n t e r a c t i o n of the 
f l u o r i n e atom with the 
framework r a d i c a l 
10 
CF„ CF 3 3 
[ l , 5 j s h i f t w ith r e t e n t i o r 
HOMO 
33 
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Ref. Reaction I n t e r a c t i o n of the 
f l u o r i n e atom w i t h 
the framework r a d i c a l 
11 
LUMO 
[1.5] s h i f t w ith i n v e r s i o n 
11 
EITHER 
C 2 P 4 + 
HOMO of 
eye 1 open t ad i eny 1 
[ 1 , 5 ] s h i f t w i t h r e t e n t i o n 
HOMO of 
indenyl 
I n t h i s case the mode 
i s indeterminate s i n c e 
t h e r e i s a node a t one 
terminus 
s h i f t w i t h e i t h e r 
Table V continued 
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w e l l known and c h a r a c t e r i z e d . The presence of the hydrogen atom al l o w s 
one to detect i s o m e r i z a t i o n processes and the e a r l y r e p o r t s of P a t r i c k 
33 
e t . a l . and Weston had already e s t a b l i s h e d t h a t such processes do 
occur i n analagous systems. 
I I 8 The Thermal I s o m e r i z a t i o n of Heptafluorocyclohexadienes 
The o b j e c t i v e s of the work to be d e s c r i b e d i n t h i s s e c t i o n were 
two-fold. In the f i r s t p l a ce i t was expected, i n the l i g h t of e stab-
l i s h e d r e s u l t s with c l o s e l y analogous systems, t h a t the h e p t a f l u o r o -
cyclohexadienes would i n t e r c o n v e r t thermally,hence to e s t a b l i s h the 
i n t e r c o n v e r s i o n pathways was the f i r s t o b j e c t i v e . S i n c e t h e r e are 
three isomers a number of p o s s i b i l i t i e s e x i s t as i l l u s t r a t e d below, see 
F i g u r e 55. i f A,B, and C, are the three isomers, one or more of the 
processes ( i ) to ( v i ) could occur depending upon which isomer was 
i n i t i a l l y taken and pyrolysed. 
B ( i ) 
<iv) 
( l i ) 
( i i i ) v ) 
( v i ) 
F i g u r e 55 
Secondly, i t was important to e s t a b l i s h whether we are observing a pure 
thermal i s o m e r i z a t i o n or one i n v o l v i n g another agent such as: a f l u o r i d e 
ion, a s u r f a c e e f f e c t , or t r a c e s of hydrogen f l u o r i d e from the decompo-
s i t i o n of the s t a r t i n g m a t e r i a l . 
Having e s t a b l i s h e d the i s o m e r i z a t i o n p r o c e s s e s which occur and t h e i r 
r e l a t i v e ease, assuming there i s more than one observed process, i t was 
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hoped a mechanistic r a t i o n a l i z a t i o n might then be c o n s t r u c t e d . 
Chromatographically pure samples of 1H- and 2H- h e p t a f l u o r o c y c l o -
hexa -1,3-diene and 1H -heptafluorocyclohexa -1,4-diene were obtained 
as described i n Part I . The f i r s t attempts to study t h e i r thermal 
i s o m e r i z a t i o n were c a r r i e d out by heating small amounts of thoroughly 
degassed dry samples of the r e s p e c t i v e isomers i n s m a l l , c a r e f u l l y 
flamed out pyrex ampoules which had been s e a l e d from a vacuum l i n e . 
T h i s approach proved to be u n s u i t a b l e s i n c e under c o n d i t i o n s severe 
enough to i n i t i a t e any r e a c t i o n there was always some decomposition of 
the s t a r t i n g diene, except i n the case of the 1,4 isomer. TRiis on — _ 
opening the s e a l e d tubes, a f t e r a period of h e a t i n g , both those o r i g -
i n a l l y c o n t a i n i n g the 1,3-diene isomers contained hydrogen f l u o r i d e . 
In the l i g h t of our s t a t e d o b j e c t i v e s , the presence of hydrogen f l u o r i d e 
i n the product i n v a l i d a t e d t h i s experiment and hence t h i s approach was 
abandoned.. 
The next experimental procedure adopted was that of p y r o l y s i s i n 
a flow system using the apparatus shown dia g r a m m a t i c a l l y i n F i g u r e 56 . 
A weighed amount of s t a r t i n g m a t e r i a l was placed i n the r e s e r v o i r 
R along with some phosphorus pentoxide and i t was cooled i n l i q u i d a i r . 
The system was f l u s h e d out with dry n i t r o g e n and then evacuated to a 
- 3 
p r e s s u r e of approximately 10 mm, as measured on the Vacustat gauge on 
the vacuum l i n e . When c o n d i t i o n s were s t a b l e , t r a p T was cooled i n l i q u i d 
a i r , t h a t surrounding R was removed and R was allowed to warm up to room 
temperature. The contents of R passed through the.hot zone and the 
p y r o l y s i s products were c o l l e c t e d i n the t a r e d t r a p T. On completion 
of the p y r o l y s i s the tap to the vacuum l i n e was c l o s e d and the system 
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T was removed, l o o s e l y stoppered, allowed to warm up to room temper-
at u r e , reweighed and f i n a l l y i t s contents analysed by g . l . c . Where 
-3 
p r e s s u r e s of above 10 mm were used, dry n i t r o g e n was allowed to 
bleed i n t o the system and the pressure was measured using e i t h e r a 
Vacustat gauge or the manometer. The r e s u l t s are recorded i n Table V I , 
and summarized g r a p h i c a l l y i n F i g u r e s 57-62 . 
From these r e s u l t s c e r t a i n g e n e r a l i z a t i o n s can be drawn. When 
e i t h e r 1H- or 2H-heptafluorocyclohexa -1,3-diene i s pyrolysed i n t h i s 
manner the c o n c e n t r a t i o n of the other 1,3-diene isomer f i r s t i n c r e a s e s 
and then decreases, i n a l l c a s e s , with r i s e i n the p y r o l y s i s temperature. 
The other compounds i n the product mixture, namely, lH-heptafluoro-
cyclohexa -1,4-diene, hexafluorobenzene and pentafluorobenzene a l s o 
g e n e r a l l y i n c r e a s e i n c o n c e n t r a t i o n w i t h temperature r i s e . On some 
occasions there were some r e l a t i v e l y s mall q u a n t i t i e s of higher 
molecular weight m a t e r i a l s . Coupled gas chromatography mass spectrometric 
a n a l y s e s of these mixtures i n d i c a t e d that these products corresponded 
to d i and t r i m e r s of the s t a r t i n g m a t e r i a l a f t e r e l i m i n a t i o n of some 
hydrogen f l u o r i d e and f l u o r i n e ; they were not present i n a p p r e c i a b l e 
amounts i n a l l the experiments and have not been properly c h a r a c t e r i z e d , 
hence they are omitted from f u r t h e r c o n s i d e r a t i o n . The r e s u l t s of the 
experiments o u t l i n e d above are c o n s i s t e n t w i t h the hypothesis that the 
f i r s t outcome of these p y r o l y s e s i s the i n t e r c o n v e r s i o n of the two 
conjugated isomers. Under only m a r g i n a l l y more severe c o n d i t i o n s both 
of these are then f u r t h e r isomerized to the 1,4-diene and/or l o s e 
e i t h e r hydrogen f l u o r i d e or f l u o r i n e to y i e l d hexa and pentfluorobenzene 
r e s p e c t i v e l y . 
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At t h i s point i n the r e s e a r c h , the question a r i s e s as to whether 
these o b s e r v a t i o n s were the r e s u l t of a thermal i s o m e r i z a t i o n of the 
diene or an a l t e r n a t i v e p rocess. One c l e a r candidate f o r the a l t e r n -
a t i v e process was a c a t a l y s e d i s o m e r i z a t i o n by the presence of 
a d v e n t i t i o u s t r a c e s of f l u o r i d e ion; t h i s could a r i s e from the decompo-
s i t i o n of some pyrolysed m a t e r i a l on the s i l i c a wool or tube w a l l s . To 
examine t h i s p o s s i b i l i t y the dienes were submitted to p y r o l y s i s i n a 
flow system over sodium f l u o r i d e . The experimental procedure was 
s i m i l a r to that used before except sodium f l u o r i d e p e l l e t s r e p l a c e d 
s i l i c a wool i n the p y r o l y s i s tube. The products from the p y r o l y s i s 
of lH-heptafluorocyclohexa-1,3-diene contained s t a r t i n g m a t e r i a l , 
lH-heptafluorocyclohexa-1,4 diene and pentafluorobenzene but no 2H-
heptafluorocyclohexa-1,3-diene or perfluorobenzene. I n a l l previous 
p y r o l y s e s of the 1H-1,3-diene the 2H-isomer was a major component 
i n the product, and the perfluorobenzene content, although s m a l l , rose 
s i g n i f i c a n t l y with r i s e i n p y r o l y s i s temperature. Thus the composition 
of the products from the p y r o l y s i s over sodium f l u o r i d e p e l l e t s d i f f e r s 
both q u a l i t a t i v e l y and q u a n t i t a t i v e l y from those obtained i n the p y r o l y s i s 
over s i l i c a wool, and i s strong evidence that the processes observed i n 
the l a t t e r case were not i n i t i a t e d by t r a c e s of a d v e n t i t i o u s f l u o r i d e 
ion. However, the question of a s u r f a c e e f f e c t s t i l l remains and to 
examine t h i s the thermal r e a c t i o n s i n systems w i t h a minimum s u r f a c e 
a r e a , were i n v e s t i g a t e d . The experimental technique involved s e a l i n g 
under vacuum, a small dry sample of lH-perfluorocyclohexa-1,3-diene i n 
a ten l i t r e , e s s e n t i a l l y s p h e r i c a l , p y r e x f l a s k (See Fi g u r e 63 ) . 
The v e s s e l was then heated f o r a s e t period i n a thermostated oven, the 
products were recovered and analysed by g . l . c , as before. The r e s u l t s 
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F i g u r e 63 
i n F i g u r e 64. Unfortunataly, only a r e s t r i c t e d s e r i e s of experiments 
could be c a r r i e d out using t h i s technique s i n c e the only oven l a r g e 
enough to accommodate the ten l i t r e f l a s k was the g l a s s blowers' 
annealing oven, and t h i s was a v a i l a b l e on l i m i t e d occasion only. 
Smaller f l a s k s d i d not allow samples to be used of a s i z e which would 
ex e r t only a low pressure at the i s o m e r i z a t i o n temperature and y e t a t 
the same time y i e l d a s u f f i c i e n t amount of m a t e r i a l f o r a n a l y s i s by 
the a v a i l a b l e techniques. The r e s u l t s of these experiments supported 
the e a r l i e r c o n c l u s i o n s drawn on the vacuum p y r o l y s i s experiments i n 
that the f i r s t process observed, and t h e r e f o r e the e a s i e s t accomplished, 
was t h e . i n t e r c o n v e r s i o n s of the 1,3-isomers, subsequently, these 
isomerized to the 1,4-isomer. In t h i s work no d e h y d r o f l u o r i n a t e d pro-
duct was detected and i t seems p o s s i b l e t h a t t h i s r e a c t i o n may be 
dependent upon s u r f a c e e f f e c t s . 
I t i s of p a r t i c u l a r i n t e r e s t to note, that the i n t e r c o n v e r s i o n of 
the conjugated dienes occurs before t h e i r conversion to the non-conjugated 
32 
isomer. . The r e s u l t s of P a t r i c k , r e f e r r e d to e a r l i e r , i n d i c a t e t h a t 
f o r the perfluorocyclohexadiene c a s e the non-conjugated isomer i s the 
most s t a b l e , and i t seems q u i t e l i k e l y that the heptafluorocyclohexadiene 
- 68 -
system w i l l be more analagous to t h a t of the p e r f l u o r o than to that 
of the hydrocarbon system, where the conjugated diene i s the most 
s t a b l e . 
The question to be considered at t h i s point i s whether or not 
these experimental r e s u l t s f i t i n t o a convenient t h e o r e t i c a l r a t i o n a l e . 
In F i g u r e 65 the p o s s i b l e processes which may be o c c u r r i n g during 
t h e r m o l y s i s of the heptafluoro-1,3-diene system are summarized 
s c h e m a t i c a l l y , the s t r u c t u r e s shown i n p a r e n t h e s i s have not been i s o -
l a t e d . 
H 
t[l,5] 
H H G 0 H M l 
5 X H H 
o G H [1.3] HF 
H 6 HF 
F i g u r e 65 
S i n c e i t has been shown that f l u o r i d e ion c a t a l y s e d processes do 
not provide a s a t i s f a c t o r y explanation of the thermal i s o m e r i z a t i o n 
r e s u l t s , i t seems reasonable to assume we have e s t a b l i s h e d the f o l l o w i n g 
- 69 -
( i ) Thermal i s o m e r i z a t i o n s occur in the cyclohexadiene s e r i e s 
and these are most conveniently accounted f o r i n terms of 
sigmatropic f l u o r i n e s h i f t s . 
( i i ) The e a s i e s t process a v a i l a b l e i s apparently that of a [ l , 5 ] 
s h i f t followed by a [ l , 3 ] s h i f t ; of n e c e s s i t y , both of these 
processes must be s u p r a f a c i a l . Unfortunately, the d i f f e r -
ence i n a c t i v a t i o n energy f o r the two p r o c e s s e s cannot be 
estimated from these r e s u l t s , but i t would appear that i t 
i s not p a r t i c u l a r l y l a r g e . 
I t i s apparent that i f the observed migrations are concerted, a 
s h i f t in. which the f l u o r i n e migrates w i t h r e t e n t i o n , i l l u s t r a t e d i n 
Figure 66, i s p r e f e r r e d over one i n v o l v i n g i n v e r s i o n a t the f l u o r i n e , 
as shown i n F i g u r e 67, although the degree of preference observed i s 
not p a r t i c u l a r l y marked. 
i 
F i g u r e 66 F i g u r e 67 
T h i s l e a v e s the o v e r a l l p i c t u r e no c l e a r e r s i n c e the previous c a s e s 
where the framework r a d i c a l s 1\- molecular o r b i t a l s ordering i s unambigu-
ous are both photochemical i s o m e r i z a t i o n s , ^ > ^ one of which would appear 
to favour r e t e n t i o n and the other i n v e r s i o n . What does emerge from t h i s 
work i s that thermal i s o m e r i z a t i o n s of cyclohexadienes do occur and by a 
- 70 -
mechanism which does not i n v o l v e c a t a l y s i s by f l u o r i d e ion at a s u r -
f a c e . Whether the observed f l u o r i n e migrations a r e concerted sigmatropic 
s h i f t s or whether a l t e r n a t i v e mechanisms i n v o l v i n g d i s c r e t e C-F bond 
homolysis or h e t e r o l y s i s and recombination of the r e s u l t i n g s p e c i e s 
occur cannot be a s c e r t a i n e d . I t w i l l r e q u i r e more s o p h i s t i c a t e d 
s t u d i e s to s o l v e t h i s p a r t i c u l a r problem. 
I I 9. The Photochemical I s o m e r i z a t i o n of lH-heptafluorocyclohexa-
1,3-diene 
The o b j e c t of the work de s c r i b e d i n t h i s s e c t i o n was to extend 
the body of information a l r e a d y obtained from previous p h o t o l y s i s ex-
periments on perfluorocyclohexa-1,3-diene, 2H-heptafluorocyclohexa-1,3-
diene and 2H,3H-hexafluorocyclohexa-1,3-diene. 
The photoisomerization of cyclohexa-1,3-diene and i t s d e r i v a t i v e s 
T7 
has been studied i n depth both f o r s e n s i t i z e d and u n s e n s i t i z e d processes. 
The course taken by the rearrangement i s not simple s i n c e the i n d i v i d u a l 
s t r u c t u r e s of r e a c t a n t s , intermediates and products can a f f e c t i t to a 
8 
g r e a t e r or l e s s e r e x tent. The work of Woodward and Hoffmann , and 
39 
H.C. Longuet-Higgins and E.W. Abrahamson has provided a widely accepted 
b a s i s f o r r a t i o n a l i z i n g these photochemical e l e c t r o c y c l i c r e a c t i o n s . The 
photochemistry of cyclohexa-1,3-dienes i s p o t e n t i a l l y more complicated than 
that of i t s immediate lower and higher homologues because r i n g c l o s u r e 
and opening are both symmetry-allowed processes as shown i n F i g u r e 68. 
The hydrocarbon analogue favours i n i t i a l l y the photochemical 6 ^ c o n -
r o t a t o r y r i n g opening, whereas the perfluorocyclohexa-1,3-diene favours 
40 
the photochemical 4 7 < d i s r o t a t o r y r i n g c l o s u r e , shown i n 
Fi g u r e 69, which i s e s s e n t i a l l y q u a n t i t a t i v e . The b i c y c l o ^2,2,oJ 
- 71 -
compound formed i s found.to have a r e l a t i v e l y high degree of thermal 
s t a b i l i t y . 
DIS CON 
E or 
Fi g u r e 68 
hi 
F i g u r e 69 
S i m i l a r l y 2H-heptafluorocyclohexa-1,3-diene 4 ^ and 2H,3H-hexa-
42 
fluorocyclohexa-1,3-diene y i e l d 1,3,4,5,5,6,6-heptafluorobicyclo 
[2,2,o] hex-2-ene and 1,4,5 ;5,6,6-hexafluorofoicyclo [2,2,o] hex-2-ene 
r e s p e c t i v e l y , as shown i n Fig u r e 70. 
iU. hV j H H li) H 
H A H 
F i g u r e 7 0 
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Uoth of these compounds are r e l a t i v e l y thermally s t a b l e , {{owever, 
they q u a n t i t a t i v e l y r e v e r t back to the parent dienes when pyrolysed 
o 41,42 
at reduced pressure a t 300-350 C 
Why f l u o r i n a t e d dienes should favour 4 ft r i n g c l o s u r e i n preference 
to 6 T f r i n g opening i s s t i l l open to question. The f a c t t h a t i t does-
happen only s e r v e s to emphasize the information a l r e a d y accumulated 
which can be summarized by saying that r e a c t i o n s which r e s u l t i n 
reducing the number of f l u o r i n e s a t v i n y l i c s i t e s and consequently i n -
c r e a s i n g the number at s a t u r a t e d s i t e s appear to be favoured. 
I t should be noted t h a t not a l l f l u o r i n a t e d cyclohexa-1,3-diene 
systems isomerize v i a the 4 T f r i n g c l o s u r e route, f o r example, the 




F i g u r e 71 
gi v e s on i r r a d i a t i o n the p a i r of isomers shown on the r i g h t hand s i d e of 
the f i g u r e T h i s i s o m e r i z a t i o n presumably proceeding v i a an i n i t i a l 
6 TT opening to the t e t r a e n e shown i n square b r a c k e t s which was not i s o -
l a t e d but would be expected to undergo a .If + _Tf c l o s u r e to the 
S & 3 
observed products. T h i s r e s u l t demonstrates t h a t the 67Tring opening i s 
- 73 -
not p r o h i b i t e d although a l l other things being equal the 4 t T r i n g c l o -
sure i s p r e f e r r e d ; i n t h i s case the 4 T f r i n g c l o s u r e i s s t e r i c a l l y 
prevented as becomes evident from the examination of molecular models. 
I r r a d i a t i o n of lH-heptafluorocyclohexa-1,3-diene 
D i r e c t i r r a d i a t i o n at 253.7 nm of lH-heptafluorocyclohexa-1,3-
diene i n the vapour phase i n a quartz ampoule gave as the only photo-
product 2,3,4,5,5,6,6-heptafluorobicyclo [2,2,0] hex-2-ene. I r r a d i a t i o n 
of the vapour above the l i q u i d diene was achieved by s h i e l d i n g the 
l i q u i d from the r a d i a t i o n w i t h black paper. 
L i k e the p o l y f l u o r o b i c y c l o ^2,2,Oj hexenes prepared p r e v i o u s l y 
t h i s photoisomer showed a strong parent ion i n the mass spectrum and a 
base peak corresponding to l o s s of ~CF^ from the parent i o n j i t s i n f r a r e d 
spectrum showed a strong absorption 1770 cm 1 a s s i g n e d to the CF=CF 
bond and a very weak t e r t i a r y C-H s t r e t c h i n g frequency a t 3000cm 
The n.m.r. s p e c t r a were complex but compatible w i t h the s p e c t r a of the 
p r e v i o u s l y c h a r a c t e r i z e d p o l y f l u o r o b i c y c l o [2,2,0] hex-2-ene. The 
spectrum showed a broad band at 6 . 1 7 f w i t h evidence of e x t e n s i v e s p i n -
s p i n coupling. On examination of the 19F n.m.r, spectrum i t was p o s s i b l e 
to p i c k out a t e r t i a r y f l u o r i n e at 197.5 ppm ( I F ) , a c l e a r l y defined AB 
s y s t e m . ^ . 112.5 ppm (IF),£_133.2 ppm ( I F ) , J 220Hz, i n which the A B AB 
downfLeld limb d i s p l a y e d e x t e n s i v e s p i n - s p i n c o u p l i n g being a m u l t i p l e t of 
a t l e a s t nine l i n e s . From the remaining absorptions the two v i n y l i c 
f l u o r i n e s were assigned to the r e l a t i v e l y narrow absorptions at 119.9ppm 
( I F ) and 120.8 ppm ( I F ) by comparison with the s h i f t and peak shape of 
the more e a s i l y assigned s p e c t r a of the known p e r f l u o r o b i c y c l o [2,2,0] 
hex-2-ene. The remaining ~CF^ group c o n s t i t u t e s the r e s t of the i n t e -
19 
grated i n t e n s i t y of the F spectrum, however i t c o n s i s t s of a complex 
- 74 -
n o n - f i r s t order s e t of bands with peaks of g r e a t e s t i n t e n s i t y a t 
118.5 ppm and 124.2 ppm. S p e c t r a l parameters of t h i s and r e l a t e d 
compounds are summarized i n T a b l e V I I I . 
2,3,4,5,5,6,6-Heptafluorobicyclo [2,2,o]hex-2-ene remained un-
changed f o r a period of three y e a r s when s t o r e d at 0°C and l i k e 
s i m i l a r b i c y c l o products r e v e r t e d back almost q u a n t i t a t i v e l y to the 
parent diene on vacuum p y r o l y s i s a t 350°C. The p y r o l y s i s product 
contained some 2H-heptafluorocyclohexa-1,3-diene as would be expected 
from the e a r l i e r d i s c u s s i o n of the thermal i s o m e r i z a t i o n of hepta-
fluorocyclohexa-1,3-dienes. 
T h i s r e s u l t adds one more example to the data on photoisomerization 
of f l u o r i n a t e d dienes. . More v a r i e d s u b s t i t u t i o n p a t t e r n s r e q u i r e 
i n v e s t i g a t i o n before c o n c l u s i o n s can be drawn about why the 4 TT r i n g 
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EXPERIMENTAL 
PART I I 
- T e -
i i . 1 0 ( a ) F l a s h Vacuum P y r o l y s i s of lH-heptafluorocyclohexa-1,3-
and-l,4-diene and 2H-heptafluorocyclohexa-1,3-diene 
The apparatus used i n these experiments i s shown dia g r a m m a t i c a l l y 
on page 59 , i t c o n s i s t e d of a s i l i c a tube, 1.4cm i n t . diam. x 59cm 
l i g h t l y packed w i t h s i l i c a wool to one end of which a pyrex r e s e r v o i r 
(R) c o n t a i n i n g the compound to be pyrolysed was attached, w i t h a pyrex 
t r a p T a t the other end. Both r e s e r v o i r and t r a p could be cooled i n 
l i q u i d a i r and a l l connections were through ground g l a s s j o i n t s . The 
i n l e t to the r e s e r v o i r was connected v i a a needle v a l v e and a D r e s c h e l 
- b o t t l e - c o n t a i n i n g — concentrated - s u l p h u r i c a c i d to a nitrogen-supply.,-and 
the o u t l e t from the t r a p was connected to a vacuum system i n c o r p o r a t i n g 
a mercury manometer. The middle 44cm of the s i l i c a tube was heated i n 
a t u b u l a r e l e c t r i c furnace, the l a t t e r being i n s u l a t e d w i t h a surrounding 
pyrex g l a s s tube packed w i t h V e r m l c u l i t e . The temperature a t the outer 
s u r f a c e of the s i l i c a tube was measured u s i n g a Chromel-Alumel thermo-
couple. The sample to be pyrolysed was weighed i n t o the r e s e r v o i r , 
approximately l g of P o0 was added, the r e s e r v o i r was then connected 
to the p y r o l y s i s apparatus and cooled i n l i q u i d a i r . The apparatus 
-3 
was evacuated (approximately 10 mm Hg) and the t a r e d t r a p was cooled 
i n l i q u i d a i r w h i l s t the r e s e r v o i r was allowed to warm up to room 
temperature. When a l l the m a t e r i a l had evaporated from the r e s e r v o i r 
the/contents of the t r a p were allowed to reach atmospheric p r e s s u r e , 
by bleeding i n dry n i t r o g e n , and then to warm up. F i n a l l y the t r a p 
was weighed and the contents analysed by g . l . c . (Column A, 125°,GDB 
-3 
d e t e c t o r ) . For p y r o l y s e s c a r r i e d out above a p r e s s u r e of 10 mm dry 
n i t r o g e n was bled i n t o the system to the r e q u i r e d p r e s s u r e , the p r e s s u r e 
being measured by the mercury manometer or Vacustat gauge a t a p o i n t 
c l o s e to the o u t l e t of the t r a p . 
- 77 -
I I . 10(b) F l a s h Vacuum P y r o l y s i s of lH-heptafluorocyclohexa-1,3-dlene 
Over Sodium F l u o r i d e P e l l e t s 
The apparatus was i d e n t i c a l to t h a t used i n I I . 1 0 ( a ) w i t h sodium 
f l u o r i d e p e l l e t s (Thompson and Capper, L i v e r p o o l , c y l i n d r i c a l p e l l e t s , 
0.3 cm x 1 cm diam.,0.5g) r e p l a c i n g s i l i c a wool. Before use the tube 
o 
was heated to 400 C and purged w i t h dry n i t r o g e n to remove absorbed 
water and any v o l a t i l e m a t e r i a l s d e r i v e d from the p e l l e t binder.. 
S i n c e the packing i n the p y r o l y s i s tube was much denser than t h a t 
used i n I I . 1 0 ( a ) dry n i t r o g e n was used as a c a r r i e r gas. The r e s u l t s 
of three runs are summarized i n Table IX over . 
I I . 1 0 ( c ) Extended p y r o l y s i s of lH-heptafluorocyclohexa-1,3-diene 









10 l i t r e bulb 
The bulb shown diagrammatically above was connected to a vacuum 
-3 
l i n e and evacuated to 10 mm Hg. A tare d sample of the degassed com-
pound, was vacuum t r a n s f e r r e d from P„0_ i n t o the f l a s k , which was 
2 5 
s e a l e d a t the c o n s t r i c t i o n , enclosed i n a metal cage, and placed i n a 
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temperature f o r the r e q u i r e d period. A f t e r c o o l i n g the f i n g e r was 
placed i n l i q u i d a i r , the bulb opened at A by hot s p o t t i n g and the 
whole allowed to warm up to room temperature. The condensation of 
atmospheric water vapour i n the'cold f i n g e r and the small, amount of 
sample used made the weight determination of the product i m p r a c t i c a b l e . 
The product was analysed by g . l . c . (Column A, 125°, GDB d e t e c t o r ) . 
The r e s u l t s of these experiments are recorded i n Table V I I page 65 . 
I I . 10(d) Other P y r o l y s i s Experiments 
_ ( i ). _ Ab.ou.t_0...3.g_o.f_ea.ch_i s.omer__w_as_ .degassed >nd. vacuum_tr.ansfje.rr_ed_ 
from P_0 • i n t o a small evacuated C a r i u s tube (1cm i n t . diam. x 5cm) 
and t h e . l a t t e r s e a l e d . They were heated i n a b o i l i n g e t h ylene g l y c o l 
bath at 220 C + 10°C f o r approximately 100 hours. A l l three isomers 
are c o l o u r l e s s l i q u i d s . A f t e r h e a t i n g lH-heptafluorocyclohexa-1,3-
diene was pal e yellow, 2H-heptafluorocyclohexa-1,3-diene was brown 
w i t h a brown d e p o s i t and lH-heptafluorocyclohexa-1,4-diene remained 
c o l o u r l e s s . The tubes were f r o z e n i n l i q u i d a i r , opened by hot 
s p o t t i n g , vacuum t r a n s f e r r e d i n t o t a r e d tubes and the l a t t e r weighed. 
Each sample was analysed as i n I I . 1 0 ( a ) . 
lH-heptafluorocyclohexa-1,3-diene(0.67g) gave a mixture (0.56g,84%) 
c o n s i s t i n g of s t a r t i n g m a t e r i a l (98.8%) lH-heptafluorocyclohexa-1,4-
diene (1.2%) and t r a c e s of hydrogen f l u o r i d e . 
2H-heptafluorocyclohexa-1,3-diene (0.34g) gave a mixture (0.28g82.4%) 
c o n s i s t i n g of s t a r t i n g m a t e r i a l (91.9%) lH-heptafluorocyclohexa-1,3-
diene ( l i 4 % ) , lH-heptafluorocyclohexa-1,4-diene (6.7%) and t r a c e s of 
hydrogen f l u o r i d e . 
lH-heptafluorocyclohexa-1,4-diene (0.38g) remained unchanged. 
- iiu -
( i i ) About 0.4g of each isomer was introduced i n t o s eparate 
small evacuated C a r i u s tubes (1cm int.diam. x 11cm) as i n ( i ) . They 
were heated i n a n i t r o g e n gas f l u i d i s e d sand bath f o r three weeks at 
o o 
300 C + 5 C. The cooled tubes were opened and analysed as i n ( i ) . 
1H- and 2H-heptafluorocyclohexa-1,3-diene had both charred c o n s i d e r -
ably, lH-heptafluorocyclohexa-1,4-diene was pa l e brown. 
lH-heptafluorocyclohexa-1,3-diene (0.43g) gave a mixture (0.37g,86%) 
c o n t a i n i n g seven components i n c l u d i n g s t a r t i n g m a t e r i a l , g..I.e. 
coupled with mass s p e c t r o s c o p i c a n a l y s i s was complex and i n c o n c l u s i v e 
but i t d i d i n d i c a t e the longer r e t a i n e d components had molecular 
weight a t l e a s t twice t h a t of the s t a r t i n g m a t e r i a l . 
2H-heptafluorocyclohexa-1,3-diene (0.40g) gave a complex mixture 
(0.34g,85%) c o n t a i n i n g a t l e a s t ten components, g . l . c . coupled w i t h 
mass s p e c t r o s c o p i c a n a l y s i s i n d i c a t e d most of these had molecular 
weights g r e a t e r than 206. 
lH-heptafluorocyclohexa-1,4-diene (0.32g) remained unchanged. 
( i i i ) About 7.0g of lH-heptafluorocyclohexa-1,3-diene was vacuum 
3 
t r a n s f e r r e d i n t o an evacuated 100cm pyrex ampoule as i n ( i ) . The 
s e a l e d ampoule was placed i n a s t e e l tube i n s i d e a C a r i u s furnace 
and heated f o r 22 hours a t 300°C, a f t e r w h i c h i t was opened and the 
product vacuum t r a n s f e r r e d i n t o a tared tube;product r e l u c t a n t to t r a n s -
f e r was pumped over. I t was analysed as i n ( i ) . 
l H-heptafluorocyclohexa-1,3-diene (7.3g) gave a complex mixture 
( 6.7g,92%) c o n t a i n i n g a t l e a s t e i g h t components of which two, w i t h the 
s h o r t e s t g . l . c . r e t e n t i o n times, were s t a r t i n g m a t e r i a l and lH-heptafluoro-
cyclohexa-1 ,4-diene. 
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I I . 11 I r r a d i a t i o n s 
I r r a d i a t i o n s were c a r r i e d out i n a quartz ampoule (40 cm x 2.5 
cm diameter,). The top of the ampoule was connected v i a a graded s e a l 
to a pyrex c o n s t r i c t i o n to enable i t to be e a s i l y s e a l e d under vacuum, 
and the ampoules were i r r a d i a t e d i n a Rayonet RPR 204 photochemical 
r e a c t o r using 253.7- nm lamps. The r e a c t o r was placed over a 
powerful fan to maintain the temperature below 25°C. The compound to 
be i r r a d i a t e d was introduced i n t o the ampoule by vacuum t r a n s f e r from 
phosphoric oxide-, and- the- ampoule—was -then sealed—under -a pressure- of- -
-3 
10 mm Hg. The bottom 10 cm of the s e a l e d ampoule was covered w i t h 
opaque paper to s h i e l d the l i q u i d and the vapour was i r r a d i a t e d with 
the tube clamped v e r t i c a l l y i n the r e a c t o r . A f t e r the r e a c t i o n the 
products were removed from the quartz tube by vacuum t r a n s f e r . 
lH-heptafluorocyclohexa-1,3-diene (4.4g,21.6mmoles) was i r r a d i a t e d 
f o r 14 days. The v o l a t i l e l i q u i d recovered (4,26g, 96.8%) was shown 
by a n a l y t i c a l gas chromatography (Col.A,40°C) to be a pure compound, 
2,3,4,5,5,6,6 h e p t a f l u o r o b i c y c l o [2,2,o] hex-2-ene (Found:C,34.5%; 
H,0.5%; F,64.6%; M (mass spectrometry), 206. CgF^H r e q u i r e s C, 34.7%; 
H,0.5%;F,64.8%;M .206), a c o l o u r l e s s liquid,S> max.1770 cm 1 ( C F = C F ) , and 
3,000 cm _ 1(C-H). 
APPENDIX A 
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Vacuum System 
V o l a t i l e compounds were handled i n a conventional vacuum 
system i n c o r p o r a t i n g a mercury d i f f u s i o n pump and r o t a r y o i l pump. 
Mass Spectra were measured w i t h an A.E.I, spectrometer a t an i o n i -
z i n g beam energy of 70 eV. 
Combined g.I.e./mass s p e c t r a - V.G. Micromass 12B coupled t o a Pye 
104 Gas Chromatography 
I n f r a r e d Spectra were recorded w i t h both a Perkin-Elmer 457 and 557 
Gra t i n g I n f r a r e d Spectrophotometer. 
U l t r a v i o l e t S pectra were recorded w i t h a Unicam SP800 spectrophotometer. 
N.M.R. Spec t r a were measured w i t h e i t h e r a Bruker S p e c t r o s p i n HX 90E 
19 
High R e s o l u t i o n N.M.R. Spectrometer ( o p e r a t i n g a t 84.67 MHz f o r F 
and 90.0 MHz f o r """H s p e c t r a ) , or a V a r i a n A56/60 spectrometer (oper-
a t i n g a t 56.40 MHz f o r 1 9 F and 60.0 MHz '''H, operating temperature 40°C); 
19 
u n l e s s otherwise s t a t e d . F chemical s h i f t s a r e i n p.p.m. from e x t e r n a l 
f l u o r o t r i c h l o r o m e t h a n e ( p o s i t i v e u p f i e l d ) and ''"H s h i f t s a r e measured 
on the s c a l e r e l a t i v e to e x t e r n a l t e t r a m e t h y l s i l a n e . 
A n a l y t i c a l Gas L i q u i d Chromatography ( g . l . c . ) 
A Perkin-Elmer 452 gas chromatograph u s i n g hydrogen as c a r r i e r 
gas and a hot w i r e d e t e c t o r were used and a l s o a G r i f f i n Gas Den s i t y 
Balance (GDB) Chromatograph u s i n g n i t r o g e n as c a r r i e r gas and a gas 
d e n s i t y balance d e t e c t o r . 
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Column d e s i g n a t i o n s were: 
452 Column A; 2.2m x 7 mm diameter, w i t h a s t a t i o n a r y phase 
of d i - : n - d e c y l p h t h a l a t e / C e l i t e 1:2. 
GDB Column A: 2.0m x 5mm diam., w i t h a s t a t i o n a r y phase of d i - n -
d e c y l p h t h a l a t e / C e l i t e 1:2. 
P r e p a r a t i v e g . l . c . - The chromatograph, not of commercial o r i g i n , 
used white spot n i t r o g e n as the c a r r i e r gas and a hot w i r e d e t e c t o r . 
Column A: 4.9m x 75mm diam., d i n o n y l p h t h a l a t e / C e l i t e 1:2. 
The c a r r i e r gas flow r a t e was approximately 601/hr. 
Carbon and Hydrogen A n a l y s i s were c a r r i e d out w i t h a Perkin-Elmer 




The mass s p e c t r a of compounds produced i n the course of t h i s 
work are tabulated below. Ions are tabulated i n the form: 
187(10%, CgFgH, P-F) 
I n t h i s example the ion has a mass number 187, i t s i n t e n s i t y i s 70% 
of the i n t e n s i t y of the base peak of the spectrum, i t has been 
p r o v i s i o n a l l y assigned the formula C_F»H + (the + being understood), 
o b 
and i t s supposed o r i g i n i s l o s s of a f l u o r i n e from the parent ion ( P ) , 
The base peak i s designated B. 
Metastable ion Peaks where observed, are tabulated underneath the 
'* - F r . • main specrum i n the form M (M f M ) , where the metastable i o n 
J . £t 




f o r the l o s s of n e u t r a l fragment F r J from i o n to g i v e M2 . 
lH-heptafluorocyclohexa-1,3-diene 
H 
206 (32.1%, C 6P ?H , PARENT), 187 (26.1%, CgFgH, P - F ) , 
168 (9.7%, CgFgH, P " F 2 ) , 156 (19.4%, CgFgH, P-CFg), 
149 (10.5%, CgF 4H, P - F 3 ) , 
137 (100%, C 5F 4H, BASE PEAK, P-CFg), 119 015.7%), 
106 (22.4%, C 4F 3H, P - C ^ ) , 69 (20.9%, CFg) 
Metastable ions: 206 ) 137 (-CFg) a t 9.1.1, 187—>137 ("CFg) a t 100.4 




206 (34%, C 6F 7H, PARENT), 187 (27%, CgFgH, P-F), 186 (28%, CgFg, P-HF) 
169 (18%), 168 (14%, CgF^H, P-F 2), 156 (20%, CgF^H, P-CF 2) 
150 (12%, CgFg, P-C3FH), 149 (28%, CgF^H, P-F 3), 138 (17%) 
137 (100%, C 5F 4H, BASE PEAK, P-CFg), 119 (82%, C ^ ) 
106 (22%, C 4F 3H, P"C 2F 4), 99 (12%, C ^ H , P-CFg) 
93 (10%) i 88 (17%) , 75 (14%)- 69 X32%~~CFp' 
Metastable Ions; 206 ) 137 (-CF ) at 91.1, 187 ) 137 (-CF ) at 100.4 
Perfluorocyclohexa-1,3-dlene 
224 (46%, CgF g, PARENT), 205 (40%, CgF ?, P-F), 186 (12%, CgFg, P - F ^ 
174 (31%, C_F . P-CF ), 155 (100%, C C F C , BASE PEAK, P-CF„), 
124 (46%, C 4F 4, P-C 2F 4), 117 (21%, C ^ ) , 105 (13%, C^Fg). 
1,2,3,4,5,5,6,6,-bctof luorobicyclo [2,2,o] ,hex-2-ene 
224 (23.5%, CgF g, PARENT), 205 (18%, CgF 7, P-F), 186 (4%, CgFg, P-Fg) 
174 (27%, C.F e, P-CF_), 155 (100%, C F., BASE PEAK, P-CF„), 
124 (71%, C 4F 4, P-C 2F 4), 117 (12%), 105 (12%, CjFg). 
86 
1,3,4,5,5,6,6-heptafluorobicyclo [2,2,0] hex-2-ene 
206 (26.4%, C 6F ?H, PARENT), 187 (15.3%, CgFgH, P-F), 168 (3.6%, CgF5H,P-2F) 
156 (25.2%, C 5F 5H, P-CF2> , 137 (100%, C ^ H , BASE PEAK, P-CFg) 
117 (4.4%), 106 (41.5%, C 4F 3H, P - C ^ ) , 99 (5.8%), 93 (11.1%, C QF„), 2 4' 3 3' 
87 (4/1%), 75 (17.1%), 69 (29.3%, CFg) 
Metastable ions: 206 » 187 (-F) at 169.8, 187 ) 137 (-CF ) at 100.4, 
206-^-) 137 (-CF_) at 91.1, l ^ ^ _ J ^ J [ H C F o . ) _ a . t _ 7 2 . . 0 . . 
- - - —«j- 2 
2,3,4., 5,5,6,6 -heptafluorobicyclo [2,2,oj hex-2-ene 
H 
206 (37.4%, CCF_H, PARENT), 187 (15.2%, C„F„H P-F) b / ' b p 
156 (23.2%, C 5F 5H, P"CF 2), 137 (100%, C ^ H , BASE PEAK, P-CFg), 
106 (48.5%, C^F^H, P - C ^ ) , 93 (12.1%, C^ F Q ) , 75 (20.2%), Ax 3 
69 (26.3%, C F g ) . 
3 3' 
Metastable ions: 156 ) 137 (-F) at 120.3, 187 ) 137 (-CF ) at 100.4, 




Infrared spectra are given i n the order ( I ) , ( I I ) ( L ) . 
A l l spectra were measured using KBr c e l l s , and were run under con-
ditions designated by 
(A) - KBr disc 
(B) - Nujol. mull: Nujol bands are marked 'n' 
on the spectra 
(C) - thin l i q u i d film 
Compound Name of Compound 
Number 
1~ Perfluorocyclohexa-1,4-diene ( c ) 
I I Perfluorocyclohexa-1,3-diene ( c ) 
I I I lH-heptafluorocyclphexa-1,4-diene ( c ) 
IV lH-heptafluorocyclohexa-1,3-diene ( c) 
V 2H-heptafluorocyclohexa-1,3-diene ( c) 
VI Pentafluorobenzene (c) 
VII Hexafluorobenzene ( c ) 
octo.flu.oro-
V I I I l,2,3,4,5,5,6,6^bicyclo [ 2,2,o] hex-2-ene 
. h c p t a f l u o r - o -
IX 2,3,4,5,5,6,6^-bicyclo [2,2,0] hex-2-ene (c 
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n P i 
9 r i i l l i I 11 i i i i I 
rrr 
1 1 1 i i i i i i i i i i • i i 1 1 1 1 i 11 11 i i i * i 
rmr rv 
s I f t i 
1 1 i i 1 1 1 1 11 ii i 1 1 1 1 1 1 1 1 1 11 11 
V 
I Otr 
I I I I I I I I I I I i l l I I I I I I I I I I I I I I I I I 1.1. JL I I 800 1200 «00 jflflQ 2000 
i f 
i i i. i i i i j " 
4000 800660 1200 COO 3000 2000 
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